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Layer-by-layer (LBL) self-assembly of functional charged molecules is a versatile and 
efficient technique for preparing uniform, ultrathin film. It has applications in gene/drug 
delivery and analyte sensing. The motivation of this thesis was to study optical signal 
transduction in LBL film using light harvesting charged -conjugated molecules, a vitally 
important class of fluorescent molecules with efficient signal amplification and 
quenching capability. Although their synthesis, optical study and application in solution 
state bioassay have been of prime importance, biosensing on a powerful format, like film, 
still needs more attention. From this realization, a series of new charged conjugated 
fluorene derivatives having promising spectral aspects was synthesized first. These 
molecules were further utilized to improve the fluorescence based bioassays in homo as 
well as heterogeneous format.  
To facilitate intra and intermolecular energy transfer and spectral overlap with 
fluorescein (Fl), water soluble polyfluorene (P1) was end-capped with phenylethynyl 
anthracene (PEA). Fl tagged Peptide nucleic acid (PNA-Fl) based DNA assay in solution 
revealed P1’s fluorescence resonance energy transfer (FRET) efficiency to be several 
folds higher than its homopolymeric version (P2). 
A fundamental understanding of photophysical properties as a function of 
molecular size was realized to be crucial. Suzuki cross-coupling, followed by 
quaternization afforded a series of cationic conjugated oligofluorenes with precise 
number of repeat units. The structure-property relationships in solution elucidated 
 ix
hexamer (6F) to be the best energy donor of this series for FRET based bioassay. In 
addition, its polymeric counterpart was the best for fluorescence turn-off assays. 
Successful electrostatic LBL self-assembled multilayered film was then reported 
incorporating best energy donor (in solution) cationic oligofluorene (6F). Film 
morphology, thickness and optical properties were examined as functions of number of 
oligomeric layers. A new variant (NaOH) affecting the adsorption of cation on surface 
was explored. Its effect was reported as high FRET efficiency in film. The assay was 
simplified and made faster by replacing complicated and time consuming surface 
hybridization by self-assembly of ex-situ hybridized PNA probe-target DNA duplex 
directly on charged surface. The electrostatic self-assembly makes the strategy straight-
forward without any need of covalent surface functionalization. A nanomolar DNA assay 
was achieved with the discrimination of up to two base mutations from complementary 
sequence using simple fluorometer.  
A new class of sensing strategy was reported using cationic 6F (as signal 
transducer) and click functionalized biotin (as specific protein recognition surface). Click 
chemistry aids the faster covalent immobilization of biotin with high efficiency under 
mild condition. By taking the advantage of charged surface of further immobilized 
protein, multilayers of 6F was adsorbed over it to offer sensitive detection of Fl tagged 
avidin in nanomolar range. Lower non-specific protein adsorption was achieved than 
previous studies on click active surfaces. To our knowledge, this was for the first time 
conjugated molecules were used on a click platform for amplification of signal.  
Anionic conjugated polyfluorenes containing carboxylate (P3), sulfonate (P4) or 
both (P5) at the side chain were reported. The inclusion of 90% sulfonate on the side 
 x
chain along with 10% carboxylate in P5 yielded a moderately charged polymer with 
higher metal binding capability. A significantly higher Stern-Volmer quenching constant 
(Ksv) was achieved in the presence of metal ions as compared to previous reports. The 
highest selectivity towards Cu+2 in solution was achieved using P5 with very low 
interference of other metal ions. The solution state assay was further extended towards 
solid state. The proposed format worked well for selective detection of Cu+2 at optimized 
number of (PEI/P5) bilayers.  
In a word, this work explored new avenues of sensitive biodetection using 




List of Tables 
 
Table 1.1: Functionality on surface and target required for immobilization of 
oligonucleotides ................................................................................................................ 16 
 
Table 1.2: Fluorescent monomers used for metal detection ............................................ 28 
 
Table 3.1: Summary of the absorption and emission spectra for the fluorenyl oligomers 
and the polymer in methanol, water and buffer (25 mM  phosphate buffer, pH = 7.4). ... 78 
 
Table 5.1: Number of selected amino acid residues in proteins .................................... 138 
 
Table 6.1: Effect of solution pH on quantum yield of P3 P4, P5. ................................. 153 
 
Table 6.2: Effect of pH on aggregate size of P3¸ P4, P5 in solution. ............................ 154 
 
Table 6.3: Ksv values of P3, P4 and P5 in the presence of metal ions. .......................... 157 
 
Table 6.4: Effect of different metal ions on Cu+2 detection ........................................... 161 
 
 xii
List of Figures 
 
Figure 1.1: Key steps in a CPE based biosensing process. ................................................ 2 
 
Figure 1.2: Orbital energy level diagram of fluorescence resonance energy transfer 
(FRET). ............................................................................................................................... 3 
 
Figure 1.3: Schematic representation of FRET based DNA assay. CPE, fluorescein 
labeled PNA probe and target DNA are drawn in green, blue and red color respectively. 4 
 
Figure 1.4: Structurally modified charged fluorene derivatives to achieve efficient 
collective response and FRET. ........................................................................................... 6 
 
Figure 1.5: Narrow band gap moiety incorporated conjugated polymers obtained by 
copolymerization................................................................................................................. 8 
 
Figure 1.6: Narrow band gap moiety incorporated conjugated polymers obtained by end-
capping approach. ............................................................................................................... 9 
 
Figure 1.7: Fluorene derivatives synthesized following oligomeric approach. ............... 10 
 
Figure 1.8: LBL self-assembly technique for oppositely charged polyelectrolytes. ....... 14 
 
Figure 1.9: Strategies employed for DNA hybridization assays on heterogeneous format.
........................................................................................................................................... 17 
 
Figure 1.10: Strategies employed for DNA hybridization assays on heterogeneous format 
using conjugated polymer (CP). ....................................................................................... 18 
 
Figure 1.11: Protein immobilization techniques on surface ............................................ 20 
 
Figure 1.12: Surface immobilization strategy based on click chemistry. ........................ 21 
 
Figure 1.13: Applications of CuAAC reaction on surface. .............................................. 22 
 
Figure 1.14: Films incorporating conjugated polymers for detection of protein. ............ 23 
 
Figure 1.15: Spaced fluorophore-receptor system (top) and frontier orbital diagram 
(bottom) of fluorescence “turn-on” sensor in the absence (a, c) and presence (b, d) of 
metal cation. ...................................................................................................................... 25 
 
Figure 1.16: Frontier orbital diagram of fluorescence “turn-off” sensor in the absence 
(left) and presence (right) of metal cation. ........................................................................ 26 
 
 xiii
Figure 1.17: Small molecules with carboxylate groups as pendant employed in metal 
detection. ........................................................................................................................... 27 
 
Figure 1.18: Schematic representation of molecular wire effect. .................................... 29 
 
Figure 1.19: Conjugated oligo/ polymers employed for detection of metal ion. ............. 30 
 
Figure 2.1: (a) Normalized absorption spectra of P1 and P2 in water; P1’, P2’ and PEA-
Br in toluene (inset). (b) Normalized PL spectra of P1 and P2, and the absorption 
spectrum of Fl in water. .................................................................................................... 53 
 
Figure 2.2: The ratio of the PL intensity of P1 at 456 nm to that at 425 nm (I456/I425) as a 
function of ssDNA1 concentration .................................................................................... 53 
 
Figure 2.3: The F1 emission intensity (at 532 nm) as a function of [RU] for 
CCP/ssDNA-Fl mixtures in 10 mM PBS ......................................................................... 55 
 
Figure 2.4: Normalized PL spectra of P1 (a) and P2 (b) in the presence of PNA-
F1/ssDNA2 or PNA-Fl/ssDNA3 in 10 mM PBS ............................................................... 57 
 
Figure 3.1: The absorption spectra of the fluorenyl oligomers 16-20 (trimer-heptamer) 
and the polymer in water (a) and in methanol (b) ............................................................. 77 
 
Figure 3.2: Energy of the oligomer absorption maxima in methanol vs. the inverse ring 
number of fluorenyl oligomers. ........................................................................................ 79 
 
Figure 3.3: Normalized emission spectra of the fluorenyl oligomers 16-20 and the 
polymer in water (a) and in methanol (b) ......................................................................... 79 
 
Figure 3.4: The absorption spectra of oligomer 16-20 and polymer (a-f) with increased 
concentration of NaCl. ...................................................................................................... 81 
 
Figure 3.5: The emission spectra of oligomer 16-20 and polymer (a-f) with increased 
concentration of NaCl ....................................................................................................... 84 
 
Figure 3.6: The normalized absorption (a) and emission (b) spectra of fluorenyl 
oligomers 16-20 and polymer in buffer ............................................................................ 85 
 
Figure 3.7: Ksv plots of the oligomers and the polymer quenched by AQS2- in 25 mM 
phosphate buffer................................................................................................................ 87 
 
Figure 3.8: Fluorescence intensity of the donor sensitized dsDNA-Fl emission with 




Figure 3.9: Emission spectra from solutions containing the hexamer/ssDNA-Fl (blue-
dotted line), hexamer/dsDNA-Fl (green-dashed line), polymer/ssDNA-Fl (black-solid 
line), polymer/dsDNA-Fl (red-dashed line) in 25 mM phosphate buffer. ........................ 89 
 
Figure 3.10: Effect of ionic strength (a), pH(b), concentration of hexamer (c) and 
dilution of fluorescein dye (d) on FRET in solution.[ss or dsDNA-Fl]=110-8 M in PBS 
buffer. ................................................................................................................................ 90 
 
Figure 3.11: Effect of pH on ionic state of fluorescein. .................................................. 91 
 
Figure 4.1: Optimization of pH of polyelectrolytes in dipping solution. ...................... 103 
 
Figure 4.2: AFM images of (a) PEI and (b) PEI/PSS priming layers. ........................... 104 
 
Figure 4.3: Effect of the nature of spacer bilayer on the fluorescence of multilayered 6F 
film. ................................................................................................................................. 104 
 
Figure 4.4: Absorbance (left) and fluorescence spectra (right) of 6F solution in the 
presence of 0-3.33 mM of NaOH. .................................................................................. 106 
 
Figure 4.5: Absorbance (a, c) and fluorescence spectra (b, d) of film having four layers 
of 6F in the presence of 0(a, b) and 1mM(c, d) NaOH in 6F solution. .......................... 107 
 
Figure 4.6: AFM images of one layer of 6F (PEI/PSS/6F) deposited from solution 
containing 0 mM (a, c, e) and 1 mM NaOH (b, d, f) ...................................................... 111 
 
Figure 4.7: AFM images of one, two and four layers of 6F deposited from 6F solution 
containing 1 mM NaOH .................................................................................................. 112 
 
Figure 4.8: AFM images of four layers of 6F after fine scratching ............................... 113 
 
Figure 4.9: Cumulative film thickness studied by ellipsometry as a function of number of 
fluorescent 6F layers ....................................................................................................... 113 
 
Figure 4.10: FRET response of film as a function of concentration of NaOH in 6F 
solution used for self-assembly. ...................................................................................... 115 
 
Figure 4.11: FRET from one layer of 6F to complementary (case a, d), two-base 
mismatch (case b) and noncomplementary PNA-Fl/DNA(case c) complex in the presence 
of 1mM of NaOH in the dipping 6F solution ................................................................. 116 
 
Figure 4.12: Photographs of one layer of 6F (a); 6F/comp PNA-Fl/DNA film (b) upon 
excitation with UV lamp; microscopic image of 6F/comp PNA-Fl/DNA film (c) and 
6F/nc PNA-Fl/DNA film (d) .......................................................................................... 117 
 
Figure 4.13: FRET from different number of layers of 6F to comp PNA-Fl/DNA. ..... 118 
 xv
Figure 4.14: FRET response upon change in target DNA concentration. ..................... 119 
 
Figure 5.1: XPS spectra (C1s)- narrow scan of film after depositing PAA-alk layer….132 
 
Figure 5.2: Narrow scan N1s spectra of the film after CuAAC reaction with Hex-Az (a) 
and biotin-alk (b); S2p spectra of biotin immobilized surface (inset of b).. ....... ………133 
 
Figure 5.3: PL spectra of click film with single donor bilayer (PSS/6F) containing biotin 
(●); no biotin (o) upon immobilization of Avidin-Fl. ..................................................... 135 
 
Figure 5.4: Fluorescence spectra of film upon adsorption of multilayer of 6F/PSS over 
immobilized dye-tagged protein-(a) Av-Fl; (b) Lys-FITC. Fluorescence intensity of 
acceptor dye in Av-Fl, Tryp-FITC, CytC-FITC and Lys-FITC as a  function of number 
of donor layers after subtracting the 6F emission tail (c). .............................................. 136 
 
Figure 5.5: The emission intensity of acceptor dye Fl upon direct excitation (black, 
square) and excitation at 380 nm (red, circle) after adsorption of 6F/PSS multilayers. . 137 
 
Figure 5.6: Microscope (a, b, c, d) image of film containing Avidin-Fl (a); Lysozyme-
FITC (b); Trypsin-FITC (c) and CytC-FITC (d). ........................................................... 139 
 
Figure 5.7: The fluorescence intensity of Av-Fl layer as a function of number of 
(6F/PSS) bilayers at different concentration of Avidin. ................................................. 139 
 
Figure 6.1: Optical properties of polymers. ................................................................... 152 
 
Figure 6.2: Quenching of fluorescence of polymers P3 (a), P4 (b) and P5 (c) as a 
function of different metal ion concentration in solution. .............................................. 156 
 
Figure 6.3:  FTIR spectra of P3. .................................................................................... 158 
 
Figure 6.4: Quenching of fluorescence of P5 as a function of different concentration of 
Cu+2 in solution. .............................................................................................................. 159 
 
Figure 6.5: Coordination modes of carboxylates and sulfonate groups with Cu+2 ........ 160 
 
Figure 6.6: (a) Absorbance and (b) fluorescence spectra if multilayered P5 film. ........ 162 
 
Figure 6.7: Changes in fluorescence spectra  of  film containing 2 layers of P5 upon 
dipping in  0-0.2 mM Cu+2 ion solution(a); Changes in fluorescence spectra of film 
containing 1-4 layers of P5 upon dipping in 0.2 mM Cu+2 ion solution. (b). ................. 163 
 
Figure 6.8: Changes in fluorescence spectra of film containing 2 bilayers of P5 upon 
dipping in 210-4 M of Cu+2 (a); Hg+2 (b); 510-8 M of Cu+2(c); Hg+2 (d) solution. ...... 164 
 
 xvi
List of Illustrations 
 
 





Scheme 2.2: A demonstration of aggregation enhanced intra and intermolecular 




Scheme 2.3: Schematic representation of PNA probe based DNA hybridization 




Scheme 3.1: Synthetic route to the intermediates for oligomers……………......... 
 
74 
Scheme 3.2: Synthetic route to the neutral and water soluble oligomers……........ 
 
75 
Scheme 4.1: Schematic representation of LBL self-assembled film architecture 
consisting of energy donor 6F layer followed by complementary or non-





Scheme 4.2: Schematic representation of possible mechanism behind base 




Scheme 5.1: Synthetic routes to PAA-alk and Hex-az ………………………….. 
 
129 
Scheme 5.2: Schematic representation of triazole formation in the film to 




Scheme 5.3: Schematic representation of fluorescence based specific protein 




Scheme 6.1: Synthetic routes towards polymers P3, P4 and P5……………......... 150 
 xvii
List of abbreviations 
 
Av   avidin 
Av-Fl   fluorescein labeled avidin 
bm   base-mismatch 
BT   benzothiadiazole 
COE   conjugated oligoelectrolyte 
comp   complementary 
CP   conjugated polymer 
CPE   conjugated polyelectrolyte 
Cy-3   cyanine-3 
Cy-5   cyanine-5 
CytC   cytochrome C 
CytC-FITC  fluorescein isothiocyanate labeled cytochrome C 
DNA   deoxyribonucleic acids 
dsDNA  double stranded DNA 
Fl   fluorescein 
FITC   fluorescein isothiocyanate 
HOMO  highest occupied molecular orbital 
LBL   layer-by layer 
LUMO  lowest unoccupied molecular orbital 
Lys   lysozyme 
Lys-FITC  fluorescein isothiocyanate labeled lysozyme 
nc   non-complementary 
NMP   N-methyl pyrrolidone 
ODN   oligonucleotide 
PDAD   poly (diallyldimethyl ammonium chloride) 
PEI   poly (ethyleneimine) 
PF   polyfluorene 
PNA   peptide nucleic acid 
 xviii
PPE   poly (phenylene ethynylene) 
PPV   poly (phenylene vinylene) 
PSS   sodium poly (styrene sulfonate) 
PT   polythiophene 
RU   repeat units 
SA   self-assembly 
SAM   self-assembled monolayer 
ssDNA  single-stranded DNA 
SNP   single nucleotide polymorphism 
THF   tetrahydrofuran 
Tryp   Trypsin 
Tryp-FITC  fluorescein isothiocyanate labeled trypsin 
 
 xix
List of symbols 
 
Å  angstrom 
max  absorbance /emission peak wavelength 
R0  critical Förster distance 
r  distance between donor and acceptor 
A  extinction coefficient of the acceptor 
F0  fluorescence of polymer in the absence of quencher 
F  fluorescence of polymer in the presence of quencher 
n  number of fluorene repeat units in chain 
2  orientation factor 
J  overlap integral 
  photoluminescence quantum yield 
Q0  quantum yield of the donor in the absence of the acceptor 
[Q]  concentration of quencher 
Ksv  Stern-Volmer quenching constant 
  wavelength 
 



















1.1. -Conjugated Polyelectrolytes (CPE) 
Water soluble conjugated polyelectrolytes (CPE) are a fascinating class of light 
harvesting molecules with high quantum yield. They have unique properties like electron 
delocalized backbone, strong absorbance in the visible region, electronic coupling 
between optical partners, strong electrical conductivity, efficient intra and intermolecular 
energy transfer and so on. They enjoy a great deal of attention due to their extensive 
application ranging from sensing to optoelectronics.1 Especially, CPEs have been widely 
accepted as an indispensable part of fluorescence based biosensing strategies. They 
respond to trace bioanalytes which could be referred to as signal amplification2 (of itself 
or some other fluorophores appended to the target molecule) or quenching3 or 
shifting/changing the shape of fluorescence spectra4 as a result of electrical, optical, 









Figure 1.1: Key steps in a CPE based biosensing process. 
 
A significant portion of current work focuses on the sensing of biomolecules, 
especially DNA and protein. The lock and key type recognition of biomolecules with a 
 3
specific ligand is reported by fluorescence change in the CPE upon complexation with 
the above mentioned ligand-receptor entity. The two most common mechanisms used for 
analyte detection are (a) excited state charge transfer5 and (b) excited state energy 
transfer. The major part of work in this thesis follows the principle of fluorescence 
resonance energy transfer (FRET) for recognition of analytes. 
1.2. Fluorescence resonance energy transfer (FRET) 
 
FRET is the transfer of excited state energy of a donor to an acceptor which is visualized 
as the emission of acceptor upon returning of the excited acceptor back to the ground 
level. The mechanism of this process is shown in figure 1.2. 
 





Figure 1.2: Orbital energy level diagram of fluorescence resonance energy transfer 
(FRET). 
 
This occurs due to long range dipole-dipole coupling between donor and acceptor. 
















             (1.2) 
 4
and overlap integral  dfJ AD 4)()(           (1.3) 
Here, r is the distance between donor and acceptor; R0 is the Förster distance 
between the donor and acceptor at which FRET efficiency is 50%, 2 is the dipole 
orientation factor, n is the refractive index, Q0 is the quantum yield of the donor in the 
absence of the acceptor, fD is the normalized donor fluorescence intensity in the range of 
λ to (λ+λ) and A(λ) is the extinction coefficient of the acceptor. The above equations 
reveal that the efficiency of FRET is a function of spectral overlap, relative orientation 
and distance between donor and acceptor molecules. 
1.3. FRET based bioassay 
The optical transduction in energy transfer based bioassays require two components: (1) a 
light harvesting conjugated molecule acting as donor and (2) an acceptor dye tagged 
biomolecules (recognition element) or probe having suitable conjugation/binding mode 














Figure 1.3: Schematic representation of FRET based DNA assay. CPE, fluorescein 
labeled PNA probe and target DNA are drawn in green, blue and red color respectively. 
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The host/guest or ligand/receptor based biorecognition is reported by the 
fluorescent conjugated molecule by donating its resonance energy to the acceptor dye 
tagged target/probe (Figure 1.3). Thus the success of a fluorescence resonance energy 
transfer (FRET) based bioassay depends on the rational design of donor, suitable choice 
of donor-acceptor pair and fine tuning of the experimental conditions. 
1.3.1. Strategies for improving FRET efficiency 
The optimization of FRET based bioassay employing CPE as energy donor can be 
achieved by two strategies, one is rational designing to improve the structure of donor 
CPE and the other is tuning the experimental conditions to achieve intense donor 
sensitized dye emission. 
1.3.1.1. Rational designing of CPE: molecular architecture 
 
The criteria that must be fulfilled by an efficient energy donor are: (1) good spectral 
overlap between emission spectra of donor and absorption spectra of acceptor; (2) high 
quantum yield; (3) high water solubility and (4) ability to avoid excited state charge 
transfer and self-quenching.  All these can be achieved by modifying its electron 
delocalizing backbone structure as well as side chains. This report is limited to the 
structural study of -conjugated fluorene derivatives. 
The major means of interaction in solution which brings donor and acceptor to 
close proximity for FRET are electrostatic and hydrophobic. To impart water solubility 
and offer electrostatic interaction with oppositely charged biomolecules, charged side 
chains are introduced to the -conjugated molecules. The hydrophobic interaction, a 






















Figure 1.4: Structurally modified charged fluorene derivatives to achieve efficient 
collective response and FRET. 
 
of CPEs. This hydrophobic interaction along with electrostatic interaction plays a role in 
complexation between oppositely charged CPE and biomolecules, the key step in FRET. 
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Taking the advantage of this hydrophobic interaction is facilitated by optimizing the 
length of the hydrophobic parts of side chain.7 The principle of aggregation enhanced 
FRET is also preferred while designing copolymer containing anionic fluorene-phenylene 
repeat units together with minority of narrow band gap benzothiadiazole (BT) 
chromophore units(Figure 1.4a).8  
On the other hand, the hydrophobicity induced increased interchain contact may 
lead to photoinduced charge transfer and self-quenching of CPE. This problem is dealt by 
tuning the charge density and the nature of the linker between backbone and charged 
groups to minimize the tendency of aggregation (Figure 1.4b).1m This eventually leads to 
higher water solubility affecting the quantum yield of CPE in a positive manner. The 
photoinduced charge transfer is also overcome by choosing a pair of chromophore where 
the HOMO-LUMO band gap of acceptor lies within the orbital energy levels of donor 
(Figure 1.4c).9 In other way, the interchain contact and aggregation has been suppressed 
successfully by increasing the size of counter anion in cationic conjugated polymer 
(Figure 1.4d) leading to substantial increase in quantum yield.10 The relative orientation 
of donor-acceptor dipole is crucial for efficient FRET. Cationic tetrahedral fluorene 
derivative imparts multiple orientation dipole moments and improved registry (Figure 
1.4e) which is found helpful in amplifying the signal of EB based DNA assay.11 Apart 
from the rigid-rod type CPE, better spatial interaction between CPE and bioanalyte is 
achieved by introducing kinks in between fluorene-phenylene repeat units. The 
conformational freedom offered by the 120 orientation between repeat units plays a 
major role in improved registry with the secondary structures of dsDNA and enhanced 
FRET (Figure 1.4f).2c 
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In connection to this continual effort in improvement of CPE based DNA assay, 
end-capping approach for rational design of charged conjugated polymer is highly 
preferred. Earlier studies demonstrated that incorporation of a small number of optically 
active units, like benzothiadiazole (BT)12(Figure 1.5a, b) and anthracene13(Figure 1.5c) 
into polyfluorene backbone could afford novel intrachain donor-acceptor architecture. 
These narrow band gap entities cause exciton trapping on the way to exciton migration 
along the chain. In particular, the random copolymer containing fluorene and BT units 
have been shown to transduce DNA hybridization event by a multicolor assay (FRET 







Figure 1.5: Narrow band gap moiety incorporated conjugated polymers obtained by 
copolymerization. 
 
Investigation of polymers end-capped with bulky low band-gap fluorophores, 
such as anthracene (Figure 1.6a, b, c),14 phenothiazine (Figure 1.6d),15 N, N-bis (4-
methylphenyl)-N- phenylamine (Figure 1.6e),16 perylene monoimide(Figure 1.6f),17 
terthiophene (Figure 1.6g)18  reveals that even a small percentage of these acceptor 







































































































polymeric sites to narrow band gap sites (known as “antenna effect”).19 Their advantages 
of through bond energy transmittance and selective emission from energetically favored 
chromophores have opened up a new way towards signal amplification in solution. 
However, most of those previously reported systems were studied in organic solvent. 
Water soluble end-capped conjugated polymers being rarely reported, is thus anticipated 











Figure 1.7: Fluorene derivatives synthesized following oligomeric approach. 
 
Despite a lot of reports on improvement in charged conjugated polyfluorenes, 
there are some practical limitations of polymers, like (a) structural uncertainty (chain 
length, defect) and (b) broad molecular weight distribution. Thus the conjugated polymer 
can be considered as a polydisperse sample for which the collective response is a 
distribution of selectivity, the average of which is observed. These problems can be 
solved by replacing them with polymers with finite number of repeat units, referred to as 
oligomers. The oligomeric approach has been adopted by some groups for realizing the 
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correlation between structure and optical properties of both neutral20 and charged21 
fluorene derivatives (Figure 1.7). Pd-catalyzed Suzuki coupling of bromide and boronic 
ester derivatives of fluorene is the most popular technique to strategically synthesize 
oligomers with precise chain length.  
Oligomers have precise number of units along the backbone which ensures a 
constant conjugation length for a constant number of RU (repeat units) of fluorophore. 
Moreover, the shorter chains are facilitated by good water solubility and high quantum 
yield thereby. However, the studies for charged fluorene derivatives were not perfect to 
be interpreted as a structure-property relationship as the oligomers contained some other 
RU (phenylene ring) along with fluorene.21 So the correlation between size of oligomer 
and its fluorescence response in the presence of ss and dsDNA-Fl was not very clear. 
Eventually the synthesis of charged oligofluorene consisting of entirely fluorene RU is 
highly appreciated for better understanding of chain-length dependent energy transfer 
process.  
1.3.1.2. Optmization of bioassay conditions 
 
FRET based DNA assays have been optimized by tuning the assay conditions. The 
balance of electrostatic and hydrophobic interaction between donor and acceptor tagged 
biomolecules is achieved via using mixture of organic solvent (THF22 or NMP23) and 
buffer or by the use of surfactant.1m By adding DNA without tags, the local concentration 
of fluorescein tagged DNA and its self-quenching upon complexation with CPE is 
minimized.9 As an extension of the optical study of series of cationic conjugated 
oligofluorene, the one displaying best energy transfer efficacy to fluorescein labeled 
DNA (ssDNA-Fl or dsDNA-Fl) should be singled out for FRET based DNA assay. In 
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addition to that, the effect of ionic strength, pH, donor concentration, dye dilution on 
FRET to ss and dsDNA-Fl also needs thorough investigation. 
1.4. Self-assembly of conjugated polyelectrolytes 
1.4.1. Solution vs solid state assay 
 
In spite of tremendous revolution in solution state assays, the heterogeneous formats for 
biodetection have been widely accepted owing to high efficiency. This bioassay platform 
has become increasingly powerful and thus invoked the need of continuous investigation. 
The most exciting aspects of solid state biorecognition is that the active elements 
(including polyelectrolytes, biomolecules) can be incorporated in to the film without 
significant alteration of their optical, electrical and biological activities. Surface 
engineering comes up with a new class of substrates or suitable templates which offers 
high surface area-to-volume ratio. It allows synergistic interaction between target and 
probe to the surface and interior of the film to enhance electron and ion transport and 
energy transfer. Precise control over the interface is achieved by optimizing the thickness, 
introducing spacer layer, and so on, in multilayered film of reporter and target molecules 
on surface. In addition to that, the versatile surface reaction and bioconjugation24,25 afford 
efficient in-situ synthesis and immobilization of analytes without the need of laborious, 
time consuming purification steps. Especially, single analyte can be selectively adsorbed 
and detected on a unique functionalized substrate from a mixed solution and thus 
overcomes the incongruity in solution state assay. Fighting against non-specific 
interaction and maintaining the activity of biomolecules and enzymes26 are possible by 
efficient experimental design. It is worthnoting that the electronic and optical properties 
of fluorescent molecules critically depend on supramolecular organization. Structural 
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investigation of the assembly of dye and conjugated molecules on surface paves a way to 
probe surface-molecule and intermolecular interaction and enables to correlate molecular 
structure, supramolecular order and photoluminescence properties. Thus for juxtaposing 
the photo and electroactive components in a highly ordered, well-defined and unique 
structure, incorporation of fluorescent polymers and biomolecules into film has been 
revealed to be a simple and reliable technique. This makes them suitable for a variety of 
applications.27 Especially, the excited state electron-hole pair (exciton) migration, a key 
step for fluorescence based sensor can be stimulated in two dimensional films. While the 
energy migration is restricted to a single polymer chain in solution, the enhanced degree 
of migrational freedom enhances the probability of traveling of exciton to more number 
of potential receptor binding sites in film.28 Thus the signal corresponding to the binding 
event can be significantly improved.  
On the other hand, enhanced electronic coupling between donor and acceptor dyes 
in film enables multidimensional energy transfer. Photosystem, where hundreds of 
fluorophores being arranged in energy gradient takes part in energy migration, acts as a 
motivation to investigate energy transport in fluorescent molecules in thin film. The 
amplification factor can be improved by arranging donor and acceptor layers in a 
descending order of band-gaps.1b By tuning the thickness of the film, incorporated energy 
donor and acceptor dyes can be brought into close proximity to ensure high FRET. The 
uncontrolled electrostatic complexation in solution is thus replaced by controlled, more 
oriented multilayer film bringing acceptor and donor molecules within Förster distance 
for more efficient FRET to occur. For all the above mentioned reasons, the performance 
of the recognition study on surface has received attention along with that in solution.   
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1.4.2. Layer-by-layer (LBL) self-assembly of conjugated molecules 
Layer-by-layer (LBL) Self-assembly is considered to be the most versatile route for thin 
film processing. It is a process of spontaneous organization of materials without any 
external intervention and preferred to Langmuir–Blodgett (LB) type adsorption. Although 
LB technique offers highly oriented film, it works efficiently only for water insoluble 
molecules29 and requires expensive instrumentation which hinders its practical 
application. The electrostatic attraction between oppositely charged polyelectrolytes,30 
covalent bonding,31 Van der Waals force, hydrogen bonding,32 co-ordination33 and strong 
biological interaction act as the driving force for self-assembly. The electrostatic layer-
by-layer (LBL) self-assembly (SA) technique has been found to be an excellent choice 
for building up films of conjugated polyelectrolytes. This technique takes the advantage 
of the charged nature of cationic/anionic conjugated molecules (Figure 1.8) to 
spontaneously grow over alternately charged surface by charge overcompensation, 
thereby is very simple and cheap. As it does not require any complex surface 





Figure 1.8: LBL self-assembly technique for oppositely charged polyelectrolytes. 
 
By engineering the molecular architecture and deposition conditions, the charge 
density on surface, number of CPE molecules adsorbed and the sensing performance can 
be improved. There have been a series of studies presenting the molecular level 
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processing of conjugated polymers, like, polyaniline,34 poly(thiophene-3-acetic acid), 
poly(N-methyl-pyridinium-2-yl-acetylene), poly(phenylene vinylene)(PPV)35 in film to 
elucidate the structural perturbation as compared to solution. LBL film of conjugated 
polymer has been applied for sensing analytes, like nitoaromatics,28b,36 DNA and protein 
(discussed later) and sensing pH.1e Limited numbers of reports have been found 
investigating energy transfer mechanism in film incorporating conjugated polymers. 
Besides revealing the relationship between donor-acceptor layer separation and efficiency 
of FRET,37 the effect of nature and thickness of spacer layer,38 molecular orientation,39 
interlayer penetration,40 fluorescence decay of fluorophores41 on surface FRET have been 
investigated.  
The major concerns of FRET studies in film are: (1) high spacer thickness 
directed larger distance between donor and acceptor layers, (2) aggregation induced 
diminution of quantum efficiency42 (quenching) and (3) interdigitated structure induced 
distorted orientation of dipoles.43 All these are detrimental for FRET and sensory 
response, thereby. Moreover, the investigation of FRET efficiency by transferring energy 
from multiple donor-single acceptor layers is not trivial and therefore need attention. To 
reach a highly efficient energy transfer platform, the aforementioned problems need to be 
handled from the view point of optimization of film growth conditions, choice of 
polyelectrolytes (to tune spacer bilayer as well as interlayer penetration) and structural 
modification of conjugated polymers (to retain its quantum yield in solid state) which is 
quite challenging. Using large molecule, like dendrimers44 or incorporating rigid 
scaffolds, like iptycene1d or aromatic45 moiety along polymer side chain provides steric 
hindrance, whereas introducing chirality46 in side chain benefits the oblique orientation of 
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transition dipole of neighboring chains, finally reduces aggregation and enhances 
quantum yield. In contrast to these strategies where bulky polymers or bulky side chains 
are employed, to overcome the aggregation induced poor quantum yield, small -
conjugated molecules having naturally high quantum yield than their polymeric 
counterparts are highly preferred by us. The oligomeric conjugated electrolyte based LBL 
films should be studied due to their good water solubility, high quantum yield and less 
aggregative nature as compared to charged conjugated polymers (used by others). It is 
important to be familiar with the optical properties in film containing fluorescent charged 
oligomers. The effect of different spacer bilayers on film growth and spectroscopic 
properties are crucial for FRET. Once the platform of cationic conjugated oligofluorene 
based LBL self-assembled film is established, it can be extended to sensing of charged 
biomolecules, like DNA and proteins. 
1.4.3. DNA assay on heterogeneous platform using -conjugated molecules 
 
Optical transduction of DNA hybridization event is of immense interest owing to high  






available on surface 
Type of binding 
Silane47 unmodified Covalent 
Carboxyl48/Amine49 Amine/Carboxyl Covalent (amide) 
electrostatic 
Amine50 Aldehyde Covalent 
Amine51 Epoxide Covalent 
Disulfide52 Mercaptosilane Covalent 
Aldehyde53 Semicarbazole Covalent 
Phosphate 54 
(natural (-) ve charge)  
Cationic polyelectrolyte Electrostatic 
Biotin55 Avidin or Streptavidin Ligand-receptor 
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sensitivity with high fluorescent signal. The probe/target oligonucleotide binding modes 
applied are presented in table 1.1. 
In general, a pre-synthesized ssDNA tagged with chromophore (e.g. organic dyes, 
dye doped silica nanoparticles,56 quantum dots) or neutral peptomimetic peptide nucleic 
acid (PNA) is used as probe or alternately probe can be created by successive attachment 













Figure 1.9: Strategies employed for DNA hybridization assays on heterogeneous format. 
 
The optical reporting of SNP upon preferential binding of target DNA on surface 
is done by many ways, like (1) by using fluorophore labeled oligonucleotide (ODN) 
probe or a combination of probes labeled with multiple fluorophores(Figure 1.9a);58 (2) 






using cy5-labeled mismatch repair protein mutS (Figure 1.9b);60 (4) chromophore-
quencher61 or energy donor-acceptor62 chromophore pair labeled molecular 
beacon(Figure 1.9c), (5) dye tagged simple ODN, molecular beacon or aptamer loaded 
microsphere in microwells at the end of optical fiber;63 (6) using semiconductor 
nanocrystals64 (Figure 1.9d); (7) regioregular (Figure 1.10a) (reported by conformational 
















Figure 1.10: Strategies employed for DNA hybridization assays on heterogeneous format 







The incorporation of conjugated molecules in self-assembled film has 
revolutionalized the fluorescence based solid state detection of analytes. The optical 
transduction mechanism in conjugated polymer (CP) based DNA assays takes the 
advantage of light harvesting nature and high energy emission properties of CPE. This, in 
turn, amplifies the signal of immobilized dye-tagged probe or DNA by FRET. The 
electrostatic or covalent(amine-carboxyl) interaction takes CPE close proximity to dye 
labeled probe/target DNA duplex hybridized on the surface and thus induces FRET. 
DNA assays have been demonstrated using regioregular cationic polythiophene (Figure 
1.10a),65  PPE with carboxylic acid,66 poly (oxadiazole-co-phenylene-co-fluorene) with 
amine side chains (Figure 1.10b)67 and alternating copolymer (PFBT) consisting of 
cationic fluorene and neutral benzothiadiazole repeat units (Figure 1.10c).68 They used 
fluorescent large polymers which are often susceptible to poor quantum yield. Morover, 
these techniques had to rely on time consuming and tedious covalent attachment66 or 
complicated light directed on-chip oligonucleotide synthesis and sophisticated 
instrumentation for growing the film as well as analyzing the optical properties.67 
Hybridization of target with probe is accomplished on the surface which offers steric 
hindrance to approaching target DNAs. A suitable, faster and simpler alternative 
technique should be designed which can reduce the effort and cost, but not at the expense 
of efficiency and repeatability.   
1.4.4. Strategy for detection of protein 
1.4.4.1. Protein immobilization 
 
Thin films incorporating proteins and nucleic acids are of key interest in biomaterials 




accurate diagnosis of disease related to protein/peptide expression. The binding modes69, 











Figure 1.11: Protein immobilization techniques on surface; (1) amine chemistry on (a) 
NHS-derivatized and (b) aldehyde-derivatized surface; (2) carboxyl chemistry using 
carbodiimide activation; (3) thiol chemistry on (a) maleimide-derivatized, (b) disulfide 
derivatized and (c) vinyl sulfone-derivatized surface.70 
1.4.4.2. LBL self-assembly of protein 
 
LBL self-assembly via ligand-receptor interaction, like, antibody-antigen,71 lectin-sugar72 
and avidin-biotin73 has been reported. The study of avidin-biotin binding is performed via 
electrochemical,74 colorimetric, fluorometric and superquenching techniques. Apart from 
this lock and key type adsorption based self-assembly, electrostatic interaction between 
oppositely charge polyelectrolytes is also adopted to get nanoscale single or 
multicomponent protein thin films. It was found helpful for studying enzyme activity or 
immunoassays and fundamental understanding of the effect of spatial distribution of 
protein charge on film growth and retrieving structural information of protein.75 
However, it was not practically helpful for detecting proteins because of the common 
charged nature of proteins. Moreover, the electrostatic attraction reduces tremendously 
 21
with the increase in ionic strength which restricts their application in real samples (like, 
blood serum). So the biosepcific recognition of protein and covalent immobilization of 
protein recognition element will be more effective and practical. Recently click chemistry 
based immobilization techniques (Figure 1.12) for protein recognition element have 
invoked the need of unremitting investigation. 
 
Figure 1.12: Surface immobilization strategy based on click chemistry. (a) Azide and (b) 
alkyne functionalized molecule react with (a) alkyne and (b) azide terminated surface 
respectively. 
 
In the presence of Cu (I) catalyst, molecules containing azide and alkyne 
functionality links together by forming triazole linkage which is referred as Cu (I) 
catalyzed azide-alkyne cycloaddition (CuAAC) or click chemistry. It has been a quite 
attractive chemistry which offers the simple ligation on the surface with high efficiency 
and simple workup and is regarded as a “green” reaction.76 Click chemistry has been 
potentially applied in metabolic oligosaccharide engineering,77 multiblock copolymer78 
and small molecule library creation for structure-activity profiling, peptide 
cyclodimerization (Figure 1.13a)79 or oligonucleotide immobilization (Figure 1.13b)80 on 
surface, discovery of drugs with improved therapeutic index81 and so on. In particular, for 
achieving uniform, high density surface immobilization of biomolecules, it is a useful 
strategy (Figure 1.13c).82 pH responsive and low fouling multilayered click film/capsule 
(Figure 1.13d),83 Chemical vapor deposited click reactive polymer coatings84,85 have been 






















Figure 1.13: Applications of CuAAC reaction on surface. 
 
functionalization with biotin-alk. The optical detection of protein in these efforts relied 
solely on the fluorescence of dye (FITC, TRITC) attached to protein. Therefore, it is 
important to improve the detection sensitivity which can be done by incorporating 
conjugated molecules to facilitate FRET. Moreover, the non-specific protein binding was 
pronounced in some cases.83c 
As a class of fluorescent reporter, CPEs have been extensively used for detection 
of proteins,36 studying protein-protein interactions, enzymatic activity86 (Figure 1.14a), 
and amyloid fibril formation.87 The detection is stimulated by FRET (thrombin- Figure 





Figure 1.14d),90 light induced singlet oxygen formation(E. Coli-Figure 1.14e)91 and 
conformational transition(thrombin)90 in CPEs, like cationic/anionic poly(thiophene) 
derivatives, glycopoly(diacetylene) derivatives containing sialic acid groups and mannose 















Figure 1.14: Films incorporating conjugated polymers for detection of protein. 
 
 
The detection of streptavidin is accomplished by biotinylated regioregular 
polythiophene92 (inter-ring torsion and color transition) and biotinylated PPE93 thin films 







array based protein sensing also takes the advantage of differential binding between 
oppositely charged protein and conjugated PPE derivatives which is reflected on the 
perturbation of its optical properties.94 However, these fluorescent finger-print type 
protein assays would create ambiguity in the case of similar extent of cross reactivity of 
protein and CPE and similar charged nature of many proteins. Morover, this cannot be 
used for quantification of proteins. The discrimination and specific detection with high 
precision thus can be achieved on a specific ligand–receptor based functional platform. In 
addition, the efficient optical reporting of commerical chromophore tagged protein can be 
performed with the aid of conjugated oligo/polyelectrolytes.  
1.5. Fluorescence based detection of metal ions 
 
Fluorescence based chemosensors for heavy metal ions are of medical, environmental 
and biological importance. The basic components of theses sensors are: (1) a lumophore 
and (2) a receptor with high binding energy for specific cations. -conjugated 
fluorophore systems having a conjugated electron donor and an electron acceptor moiety 
are well known for their electron push-pull character. When the electron donating or 
withdrawing character is affected due to the presence of some analytes, some optical 
changes are expected. The changes could be attributed to disruption95  or enhancement of 
internal charge transfer (ICT)96 in push-pull -electron system (conjugation break, 
fluorescence quench or enhancement), conversion of twisted internal charge transfer 
(TICT) excited state to ICT (emission shift, ratiometric response) and photoinduced 
electron(PET) or electronic energy transfer(EET) between receptor appended excited 
fluorophore and metal ion (fluorescence quench or enhancement) 97 upon electrostatic or 
affinity driven complexation.  
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1.5.1. Photoinduced Electron Transfer (PET) 
PET based optical sensors are very popular due to their distinct and effective signal 
alteration capability. PET based sensors can be classified into two types: (1) fluorescence 
“turn-on” and (2) fluorescence “turn-off” sensors. In fluorescence “turn-on” sensor 
(Figure 1.15), the receptor usually contains a relatively high energy non-bonding electron 
pair. In the absence of cation, this e- pair quenches the emission by rapid intramolecular 
PET from receptor to excited fluorophore.  When this electron pair coordinates to Lewis 
acid metal cation, the HOMO of the receptor is lowered, thus thermodynamically 
disfavoring the PET process. As a result the quenching is stopped and fluorescence of 











Figure 1.15: Spaced fluorophore-receptor system (top) and frontier orbital diagram 
(bottom) of fluorescence “turn-on” sensor in the absence (a, c) and presence (b, d) of 
metal cation. 
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Figure 1.16: Frontier orbital diagram of fluorescence “turn-off” sensor in the absence 
(left) and presence (right) of cation.  
 
On the other hand, if the LUMO of the cation falls between HOMO and LUMO 
of fluorophore, the electron transfer occurs from metal centre to excited state fluorophore 
upon binding to receptor, resulting in quenching (turn-off, Figure 1.16).92, 98 
Metals being cationic by nature have a tendency to bind to anionic functionalities. 
Moreover, the d-block transition metal ions (Cu+2) are inclined towards electron transfer 
process. The redox-active metal ion itself releases electron to the excited fluorophore (or 
uptake therefrom).99 However, the critical point in designing the metal ion sensor is to 
introduce selectivity. Selective metal-receptor binding depends on the size, shape and 
binding energy of the receptor and analyte and the steric repulsion offered by functional 
receptor to cut down the unwanted interactions. 
1.5.2. Small fluorescent probes for metal ions 
Cu (II) has a particular affinity for typical N, O-chelate ligands, while Hg(II) coordinates 
with S, N and O atoms.100,101 The coordination geometry depends on the nature and 
relative position of linkers in fluorophore to create a congenial chelation environment.  
Carboxylate and sulfonate receptors have found potential applications as chelating 
ligands in modern coordination chemistry. They offer water solubility to reporter 












with cation bound receptor
E
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electrostatic attractions towards cations which is crucial for bringing the metal cation and 
anionic fluorophore to close proximity. At the same time, the deprotonated forms of 
carboxylate(COO-), having electron rich character, often  take part in electron transfer 
and quenches the fluorescence upon complexation  with metal ions, like Cu+2. On the 
other hand, Dimercaptosuccinic acid, DMSA (-COOH) and dimercaptopropanesulfonic 
acid, DMPS (-SO3H) are commonly used to treat Hg poisoning for their Hg+2chelation 
property.102 A number of small fluorescent molecules with the above mentioned 






























































Table 1.2: Fluorescent monomers used for metal detection 
 
 










(EDTA) (a) 103 
Cu+2 O(carboxyl); N Turn off 
Coumarin derivative with ethyl acetate 
group (b) 104 
Cu+2 O(carboxyl); N Turn on 
1,2-bis(o-aminophenoxy)ehane-N, N, 




emission (900 twist 
in N-phenyl bond) 
Calcein Blue(d) 106 Cu+2 O(carboxyl); N Turn off 
Calcein Blue(d) Hg+2, Ca+2 O(carboxyl); N Turn on 
3-alkoxy-2-naphthanoic acid with 
calix[4] arene (e) 104 
Cu+2 O(carboxyl) Turn off 
Fluorescein derivative with tetra acid(f) 
107 
Cu+2 O(carboxyl); N Turn off 
Pyrene derivative with iminodiacetate 
functionality (g) 108 




1.5.3. Molecular wire effect: conjugated polymers vs. small molecules 
Compared with small molecule based fluorescent sensors, one of the advantages of 
conjugated polymers is their high sensitivity. The principle of enhanced fluorescence 
quenching of conjugated polymers in the presence of target molecules can be explained 
by the “molecular wire effect” (Figure 1.18). The quenchers bind to the receptor sites of 
the conjugated molecules. When the receptors are wired by a polymer backbone, the 
facile exciton transport along the polymer backbone amplifies the binding event more as 
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compared to isolated single receptor units in monomers or oligomers. A single quencher 
molecule is able to quench more number of repeat units in case of polymer than its 






Figure 1.18: Schematic representation of molecular wire effect. Inefficient quenching of 
isolated monomer (left) and complete quenching of monomers wired in series as a 
polymer (right). 
 
The exciton transport induced collective response; i.e. amplified quenching of 
fluorescent polymers can be expressed by Stern-Volmer relationship: 
F0/F= (1+ Ksv [Q])             (1.4) 
Where, F0 and F represent the fluorescence of polymer in the absence and presence of 
quencher, the concentration of which is depicted as [Q]. Ksv is the Stern-Volmer 
quenching constant. 
1.5.4. Conjugated polymers as metal ion sensor 
The coulombic attraction and thereby metal-CP complexation can lead to electron 
transfer induced CP quenching as well as -stacking aggregation induced self-quenching. 
The selectivity is achieved by the differential strength of binding between different metal 
ions and CP. Chelation of PPE carrying β-glucopyranose (1.19a)109  and PT with thymine 
moieties(1.19b)110 with Hg+2 ions leads to fluorescence quenching. Cu+2 can coordinate 

















































































































































(1.19d)112 moiety by N…Cu interaction which is followed highly efficient fluorescence 
quenching. Besides those, carboxylated PPEs have been employed for detection of Pb+2 
113and Hg+2. The pH dependent protonation-deprotonation of carboxyls makes these 
assays sensitive to pH. Moreover, the nature of buffer is also a point of concern due to the 
common tendency of phosphates to interact with cationic metals. Polymer 1.19e shows 
higher quenching than the small molecular counterpart 1.19f which is consistent with the 
“molecular wire effect”. The cross-linked supramolecular assemblies of anionic 1.19e 
and papain are more prone to agglutination in the presence of Hg+2 than either 1.19e or 
papain alone.114 Hg+2 induced precipitation produced non-fluorescent solution. The 
difference in Hg+2 binding capability has been observed with the varying degree of 
carboxylate functionalization per repeat units. The Stern-Volmer constant (Ksv) for Hg+2 
has reduced from 1.3  104 (1.19e) to 7.1  102 (1.19g) when the concentration of 
carboxylate groups is reduced.115  
Cruciform with eight carboxylate (–COONa) groups, (1.19h)  gets selectively 
quenched by Cu+2 with lower cross reactivity to Hg+2 and Ca+2.116  Intramolecular 
hydrogen bonded network is evidenced among carboxylic acids, carboxylates and 
anilines. Sulfonated PPV derivative 1.19i, showed nonlinear fluorescence quenching with 
[Cu+2] inferring a combination of static and dynamic quenching in operation.117 Although 
a lot of investigations have been performed on PPV and PPE based polymers, there are 
very few reports on carboxylated and sulfonated polyfluorene derivatives.118, 119 The 
carboxylic acid groups at the ninth position of polyfluoroethynylene based homopolymer, 
1.19j is reported to act as a trapping site to metal ions and the polymer gets selectively 
quenched by Cu+2 in methanol.119  
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Although significant improvement has been achieved in metal ion sensing in 
solution using CPE, the Ksv values are not so high (104-106 M-1)  and some of them 
cannot distinguish between Cu+2 and Hg+2 or show little selectivity for one over the other 
due to their similar coordination mode with fluorophore.101 So the synthesis of new 
anionic CPE with a view to achieving higher sensitivity and higher quenching constant is 
of importance. Moreover, some reports on non-fluorescent copolymers containing both 
sulfonate and carboxylate functionality was shown to bind to Cu+2 efficiently. In light of 
these studies, CPE with tuned percentage of different functionality was realized to be a 
potential alternative of existing ones for metal detection.120   
Besides, the solution state assays, electrostatically self-assembled films of 
conjugated polymers have been used to detect metal ions. Electrostatically self-assembled 
fluorene derivative containing porphyrin121 and sulfonated porphyrin122 over 
functionalized substrate performed as a specific recognition surface for Hg+2. It is noted 
that the charge transfer quenching of PPE-SO3Na grafted silica microspheres by Cu+2 is 
limited only to the exterior of the polymer grafted microsphere. The thick and dense graft 
layer (≥ 5 nm) prevents the quencher to reach to the trapped excitons deep into the 
film.123  
The pH dependent charge density and quantum yield of carboxylates can offer 
differential interaction with metal cations. On the other hand, sulfonate groups render 
water solubility, constant charge density to the CPE over a wide range of pH.124 
Moreover, it is worth noting that Hg+2 ions have lesser tendency to interact with sulfonate 
groups as compared to carboxylate and phosphates.114 Thus it is realized that tuning the 
percentage of carboxyl and sulfonate groups in CPE side chains can lead to a more 
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effective fluorophore rendering selectivity for Cu+2 over Hg+2 at very low concentration. 
The selective permeation of heavy metal ions can be achieved by using polyelectrolyte 
layer allowing interlayer diffusion of analytes to the interior of the film and exciton 
migration of CPE to the exterior of the film from underneath layers.    
                                                                                                                                                       
1.6. Scope of the work 
 
The quest for an efficient solid state optical bioassay platform should start from the quest 
for a highly efficient fluorophore having the ability to amplify the sensory response. 
Novel light harvesting water soluble oligo and polyfluorenes have been synthesized with 
a view to achieving structure-property relationships and subsequently discovering 
potential energy donor for bioassay. The major modes of modification of fluorene 
backbone that have been focused are oligomeric and end-capping approaches. 
Homogeneous assays were preferred to assess the fluorogenic properties of a series of -
conjugated molecules and choose promising optical reporters prior to proceeding towards 
heterogeneous assay platform, like self-assembly.  
In this connection, electrostatic layer-by-layer self-assembly of the most efficient 
cationic oligofluorene has been performed followed by surface characterization. The 
PNA-probe based nanomolar DNA assay has been demonstrated on surface with 
excellent signal amplification (via FRET) and selectivity. Moreover, FRET based 
sensitive detection of avidin after binding to recognition element terminated surface has 
been accomplished. Click functionality of recognition element has assisted its covalent 
immobilization on surface. By taking the advantage of charged surface of immobilized 
protein, multiple layers of charged oligofluorene have been adsorbed over it in order to 
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offer sensitive and specific detection of protein in nanomolar range. In a word, this study 
paves a way towards more sensitive biodetection using conjugated oligoelectrolytes in 
LBL self-assembly platform. In addition, a number of anionic -conjugated polymers 
have been synthesized to report metal ions by PET. The detection of metal ions (Cu+2, 
Hg+2 and Ca+2) was demonstrated using conjugated homo and copolymers containing 
carboxylate or sulfonate groups at side chain. The limit of detection of metal ion in 
solution has been reported to be quite satisfactory (0.02 nM) in solution using copolymer 
(having 90% sulfonate and 10% carboxylate groups) with highest selectivity towards 
Cu+2 and low interference of metal ions other than Cu+2. The anionic copolymer was LBL 
self-assembled alternately with cationic PEI which enhanced the flux of metal ions to the 
interior of multilayered film as well as exciton diffusion to the surface. This promoted 
more interaction between CPE and metal ions. Both solution and solid state assays 
indicated high selectivity for Cu+2 than Hg+2 upto a moderate concentration.  
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Combinatorial Energy Transfer between an End-Capped 
Conjugated Polyelectrolyte and Chromophore Labeled PNA 




A reliable method for DNA detection has recently emerged, which takes advantage of 
fluorescence resonance energy transfer (FRET) from a cationic conjugated polymer 
(CCP) to a signaling chromophore.1 The assay comprises two ingredients, a light 
harvesting CCP and a chromophore-tagged peptide nucleic acid (PNA) probe. The strong 
light emission characteristic of signaling chromophore upon excitation of CCP indicates 
the presence of complementary DNA.2 Amplification of signaling emission by excitation 
of CCP relative to direct excitation of chromophore originates from the electron-
delocalized backbones of CCP that allow rapid intrachain and interchain exciton 
migrations via FRET.3 Despite its simplicity and feasibility, CCP-based DNA biosensor 
continues to be optimized in sensitivity and selectivity in order to realize practical 
applications.  
The signal output and sensitivity of CCP-based DNA biosensors are strongly 
determined by FRET process. Apart from copolymerization of low-energy sites into the 
backbone, end-capping has proven to be an effective approach to construct intramolecular 
energy transfer architectures.4 In particular, anthracene has been found to be a promising 
end-capping energy acceptor for conjugated polymers, featuring desirable intramolecular 
energy migration and strong acceptor emission even in dilute solution.4b However, most 
of these conjugated systems were only soluble in organic solvents. By red-shifting the 
emission of -conjugated donor molecule, enhanced spectral overlap, thereby more 
efficient energy transfer and signal amplification could be achieved. But till now, the 
application of end–capped conjugated polymers in chemobiosensing is rarely reported. 
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In this chapter, the synthesis of a phenyl-ethynyl-anthracene (PEA) end-capped 
cationic PF (P1, structure shown in Scheme 2.1) and its application in strand-specific 
DNA detection is presented. The intrinsic optical properties of P1 were studied and 
compared with the uncapped cationic PF (P2, structure shown in Scheme 2.1). The FRET 
for P1 in the presence of unlabeled single stranded DNA (ssDNA) and the combinatorial 
FRET between P1 and a fluorescein-labeled ssDNA (ssDNA1-Fl) were examined. 
Finally, strand specific DNA detection was demonstrated using P1 in conjunction with a 
fluorescein-labeled peptide nucleic acid (PNA-Fl). The results highlighted the advantage 
of end-capping approach in signal amplification and improvement of DNA detection 
sensitivity. 
2.2. Experimental Section 
 
2.2.1. Instruments  
NMR spectra were recorded in Bruker 400 Ultrashield TM. Mass spectra of the 
monomers were confirmed by Bruker Daltonics Autoflex II TOF system using 2, 5-
dihydroxybenzoic acid as matrix and THF as solvent. Gel permeation chromatography 
(GPC) analysis was conducted in a Waters 2690 liquid chromatography system equipped 
with Waters 996 photodiode detector and Waters 2420 evaporative light scattering 
detector. Polystyrenes were used as the standard and THF was used as the eluent at a 
flow rate of 1.0 mL/min at 35°. The absorption spectra were measured by Shimadzu UV-
1700 UV-Vis spectrophotometer, and the photoluminescence (PL) was measured by 
Perkin Elmer LS55 luminescence spectrometer. All UV and PL measurements were 
carried out at 24 ± 1 ºC. MilliQ water (18.2 MΩ) was used for all the experiments.  
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2.2.2. Materials  
PNA-F1 probe (5´-Fl-TCC ACG GCA TCT CA-Lys-Lys-3´) was purchased from 
Panagene. ssDNA-F1 (5´-Fl-AT CTTG ACT ATG TGGG TGCT-3´), ssDNA1 (3´-TA 
GAAC TGA TAC ACCC ACGA-5´), ssDNA2 (5´-TGA GAT GCC GTG GA-3´, 
complementary to PNA-F1) and ssDNA3 (5´-GAA GGC TCA GGA GA-3´, non-
complementary to PNA-F1) were purchased from Sigma-Genosys. 10×PBS buffer 
(ultrapure grade) is a commercial product of 1st BASE, Singapore. 1-Bromo-4-
iodobenzene was purchased from Acrōs Organics. 9-Bromoanthrance (1),5 2,7-dibromo-
9,9-bis(6-bromohexyl)fluorene, 5 and P26 were synthesized according to previous 
reports. Other chemicals were purchased from Sigma-Aldrich and used as received. 
2.2.3. Synthesis section 
 
Anthracen-9-ylethynyl-trimethyl-silane (2). Under nitrogen protection, Pd(PPh3)2Cl2 
(87.5 mg, 0.125 mmol) and CuI (23.75 mg, 0.125 mmol) were added to a solution of 1 
(0.64 g, 3.11 mmol) in 15 mL of diisopropylamine. Trimethylsilyl acetylene (0.41 mL, 
2.5 mmol) was slowly added to the mixture at room temperature. The mixture was then 
refluxed under nitrogen for 6 h at 70 ºC. The crude product mixture was extracted with 
CH2Cl2, washed with water thrice and brine once and dried over MgSO4. The solvent was 
then removed under reduced pressure. The residue was passed through a silica gel 
column with hexane as eluent. Evaporation of solvent led to a yellow oil that 
recrystallized upon standing to afford product 2 (0.48 g, 56%) as an orange solid. 1H 
NMR (300 MHz, CDCl3) δ: 8.70-8.50 (d, J = 8.73 Hz, 2H), 8.45-8.35 (s, 1H), 8.05-7.95 
(d, J = 8.34 Hz, 2H), 7.65-7.55 (t, J = 7.14 Hz, 2H), 7.55-7.40 (t, J = 7.32 Hz, 2H), 
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0.45(s, 9H). 13C NMR (75 MHz, CDCl3) δ: 132.88, 131.04, 128.61, 127.87, 126.76, 
125.63, 106.17, 101.55, 0.27. MS (MALDI-TOF) 274.32 (M). 
10-Ethynyl-anthracene (3). MeOH (5 mL) and aqueous KOH (0.1 g, 20%) were added 
to a stirred solution of 2 (0.31 g, 1.13 mmol) in THF (5 mL) at room temperature under 
nitrogen protection. The reactants were stirred at room temperature for 1 h, then 
neutralized with 2M HCl, and extracted with CH2Cl2. The extract was washed thrice with 
water, once with brine and dried over anhydrous MgSO4. After the solvent was removed, 
the residue was passed through a silica gel column using hexane as solvent and 
recrystallized from hexane to afford 3 ( 0.20 g, 87%) as light yellow crystals. 1H NMR 
(400 MHz, CDCl3) δ: 8.70-8.55 (d, J = 8.7 Hz, 2H), 8.50-8.40 (s, 1H), 8.10 -7.95 (d, J = 
8.4 Hz, 2H), 7.70 -7.55 (t, J = 7.3 Hz, 2H), 7.55-7.40 (t, J = 7.3 Hz, 2H), 4.05-3.95 (s, 
1H). 13C NMR (100 MHz, CDCl3) δ: 133.16, 131.00, 128.65, 128.22, 126.81, 125.66, 
88.18, 77.43. MS (MALDI-TOF) 202.48 (M). 
9-(4-Bromo-phenylethynyl)anthracene (PEA-Br, 4). Under nitrogen protection, 
Pd(PPh3)2Cl2 (70 mg, 0.1 mmol) and CuI (19 mg, 0.1 mmol) were added to the solution 
of 3 (0.12 g, 0.57 mmol) in a mixture of diisopropylamine (4 mL) and THF (4 mL). 1-
Bromo-4-iodobenzene (0.32 g, 1.14 mmol) was slowly added to the mixture at room 
temperature. The mixture was then reacted under nitrogen for 6 h at 33 ºC. The crude 
product mixture was extracted with CH2Cl2, washed three times with water and once with 
brine before it was dried over MgSO4. The solvent was then evaporated under reduced 
pressure. The residue was passed through a silica gel column with hexane as eluent. The 
evaporation of solvent led to yellow oil that recrystallized upon standing to yield 4 (0.15 
g, 74%) as a light yellow solid. 1H NMR (400 MHz, CDCl3) δ: 8.64-8.61 (s, 1H), 8.61-
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8.58 (s, 1H), 8.47-8.43 (s, 1H), 8.07-8.0 (d, J = 8.4 Hz, 2H), 7.68-7.55 (m, 6H), 7.55-7.48 
(t, J = 8.0 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ:133.41, 132.20, 131.63, 129.14, 
128.43, 127.13, 126.12, 123.08, 117.26. MS (MALDI-TOF) 357.27 (M), 275.965 (M-
Br). 
2, 7-Bis[9, 9´-bis(6´´-bromohexyl)-fluorenyl]-4, 4, 5, 5-tetra- methyl-[1. 3. 2] 
dioxaborolane (6). 9, 9-bis (6-bromohexyl)-2, 7-dibromofluorene, 5 (2.38 g, 3.57 
mmol), bis(pinacolato)diboron (2.72 g, 10.72 mmol), potassium acetate (2.64 g, 26.8 
mmol) were placed in a 100 mL round bottom flask. Anhydrous dioxane (60 mL) and 
PdCl2 (dppf) (0.18 g, 0.21 mmol) were added to the flask and the reaction vessel was 
degassed for 15 minutes. The mixture was stirred at 80C for 12 hours under nitrogen. 
After cooling to room temperature, dioxane was removed by a rotary evaporator. The 
residue was extracted with dichloromethane and the organic phase was washed with 
water and brine and dried over magnesium sulfate. The solvent was removed and the 
residue was purified with silica gel column chromatography (dichloromethane/hexane = 
1:2), followed by recrystallization from hexane to afford 6 (1.05 g, 52%) as white 
crystals. 1H NMR (400 MHz, CDCl3): δ= 7.83-7.71 (m, 6H), 3.27-3.23 (t, J = 6.9 Hz, 
4H), 2.03-1.99 (m, 4H), 1.64-1.57 (q, J = 7.0 Hz, 4H), 1.39(s, 24 H), 1.17-1.13 (q, 4H), 
1.06-1.02 (q, 4H), 0.71-0.67 ppm (q, 4H); 13C NMR (100 MHz, CDCl3): δ= 150.3, 144.1, 
134.0, 128.9, 119.7, 84.0, 55.2, 40.1, 34.2, 32.8, 29.2, 27.9, 23.6 ppm;  MS (EI): m/z(%): 
744 [M+].  
PEA-endcapped poly(9,9-bis(6-bromohexyl)fluorene) (P1'). 9, 9-bis (6-bromohexyl)-
2, 7-dibromofluorene (5) (0.29 g, 0.45 mmol), 2,7-Bis[9,9-bis(6-bromo -hexyl)-
fluorenyl]-4,4,5,5-tetramethyl-[1.3.2]dioxaborolane (6) (0.37 g, 0.5 mmol) and Pd 
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(PPh3)4 (10 mg) were dissolved in toluene (13 mL). This solution was added to aqueous 
solution of K2CO3 (1.66g, 12 mmol) in 6 mL of H2O and tetrabutylammonium bromide 
(30 mg). The mixture was degassed twice for 20 minutes, and was then heated at 90 ºC 
for 10 h under N2 atmosphere. A solution of 4 (89 mg, 0.25 mmol) in toluene (1.5 mL) 
was then added to the reaction system, and the reaction was continued for another 24 h at 
90 ºC. The polymer P1' was precipitated in methanol as a pale green solid (0.4 g, 91%). 
1H NMR (400 MHz, CDCl3) δ: 8.85-8.60 (d, J = 9.2 Hz, 0.28H), 8.55-8.40 (s, 0.14H), 
8.10-8.00 (d, J = 8.4 Hz, 0.28H), 7.97-7.28 (m, 7 H), 3.30 (m, 4H), 2.20-2.00 (br, 4H), 
1.80-1.60 (br, 4H), 1.35-1.05 (br, 8H), 0.90-0.70 (br, 4H). 13C NMR (100 MHz, CDCl3) 
δ: 151.91, 140.95, 132.54, 129.23, 126.79, 121.75, 120.57, 55.74, 40.70, 34.32, 33.03, 
29.47, 28.16, 24.12.  
PEA-endcapped poly(9,9-bis(6’-(N,N,N-trimethylammonium)bromohexyl)fluorene 
(P1). Condensed trimethylamine (~2 mL) was added dropwise to a solution of P1' (0.2 g) 
in THF (15 mL) at 78 C. The mixture was reacted under stirring for 12 h at room 
temperature. The precipitate was redissolved in methanol (10 mL). After the mixture was 
cooled down to 78 C, trimethylamine (~2 mL) was added and the mixture was stirred 
for additional 24 h at room temperature. After removing the solvent, acetone was added 
to precipitate P1 (0.12 g, 60%) as a light yellow powder. 1H NMR (400 MHz, CD3OD) δ: 
8.75-8.60 (d, J = 8.4 Hz, 0.28H), 8.60-8.50 (s, 0.14H), 8.15-8.05 (d, J = 9 Hz, 0.28H), 
8.05-7.2 (m, 7H), 3.40-3.20 (m, 4H), 3.10-2.95 (s, 18H), 2.40-2.20 (br, 4H), 1.70-1.45 
(br, 4H), 1.40-1.00 (br, 8H), 0.90-0.65 (br, 4H). 13C NMR (100 MHz, CD3OD) δ: 151.91, 
140.74, 129.07, 126.47, 121.28, 120.42, 66.75, 55.73, 52.62, 40.16, 30.65, 28.48, 25.06, 
23.13.  
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2.3. Results and Discussions 
 
The synthetic route toward P1 and P2 is shown in Scheme 2.1. Monomer 1 was 
synthesized according to the literature.5 Monomer 2 was synthesized via Sonogashira-
Hagihara coupling of trimethylsilyl acetylene with bromo derivative of anthracene, 1. 
Deprotection of the silyl group of 2 was carried out in a mixture of aqueous potassium 
hydroxide and methanol to afford monomer 3. The monomer was then selectively 
coupled to 1-bromo-4-iodo benzene via Sonogashira reaction to obtain 4 (PEA-Br) with a 
terminal bromide group as a result of higher reactivity of iodide relative to bromide. The 
diboronic ester derivative, 2,7-bis[9, 9'-bis(6''-bromohexyl)-fluorenyl]-4, 4, 5, 5-
tetramethyl-[1.3.2] dioxaborolane, 6 was synthesized from dibromide of bromohexyl 
substituted fluorene, 2,7-dibromo-9,9'-bis(6''-bromohexyl) fluorene, 5 via the modified 
Miyaura reaction in the presence of bis(pinacolato)diboron and KOAc using dioxane as 
the solvent. Suzuki cross-coupling polymerization between monomer 5, 6 and end-capper 
4 afforded the neutral precursor polymer P1'. Calculation of the integration ratio of the 
peak ranging from 8.45-8.48 ppm (corresponding to the resonance of protons at the 10th 
position of anthracene) to that at 3.30 ppm (corresponding to the resonance of the protons 
near -Br in the aliphatic chains of fluorene) in the 1H NMR spectrum of P1' illustrated the 
presence of 2 PEA groups per 14 fluorene units in average. GPC analysis revealed the 
number-average molecular weight and polydispersity of P1' to be 8000 and 3.0, 
respectively. Treatment of P1' with trimethylamine in THF/methanol gave the cationic 
end-capped PF (P1). The ratio of the integrated areas for -CH2CH2X (X = Br and 
N(CH3)3) and -CH2CH2N(CH3)3 in the 1H NMR spectrum of P1 showed that the 
quaternization degree was higher than 95%. The uncapped polymers P2' and P2 were 
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synthesized via direct cross-coupling between 5 and 6 in a similar Suzuki protocol as 
shown in previous work.7 The number-average molecular weight and polydispersity of 





























Scheme 2.1: Synthetic routes towards P1 and P2. Reagents and conditions: (i) 
Trimethylsilyl acetylene (TMS), CuI / Pd(PPh3)2Cl2, diisopropylamine, N2, 70 ºC, 6 h; 
(ii) KOH, CH3OH / THF, N2, 1 h, room temperature; (iii) 1-bromo-4-iodobenzene, CuI/ 
Pd(PPh3)2Cl2, diisopropylamine / THF,  N2, 33 ºC; (iv) Pd(PPh3)4, toluene / K2CO3 
aqueous solution, 90 ºC, N2, 32 h; (v) 4, Pd(PPh3)4, toluene / K2CO3 aqueous solution, 90 




2.3.1. Optical properties 
 
The normalized absorption and photoluminescence (PL) spectra of P1 and P2 in water 
are presented in Figure 2.1. The polymer concentration based on repeating unit (RU) was 
3 μM. The uncapped polymer P2 had a single absorption peak at ~392 nm. In addition to 
this absorption peak, the end-capped polymer (P1) had another relatively weak 
absorption band at ~435 nm due to the presence of anthracene moieties.4a, 4b The 
comparison with the absorbance of PEA-Br (inset of Figure 2.1a) supported that the 
absorbance peak of P1' at 432 nm was originated from anthracene moiety. The broadened 
absorbance peak of P2 at 392 nm as compared to P1 indicated that their extent of 
aggregation was different in water.  As shown in Figure 2.1b, P2 had a maximum 
emission peak at 425 nm. However, the maximum emission peak of P1 was located at 
452 nm, which corresponded to the fluorescence of the low-energy end-cap units of 
PEA.8 The difference in the PL spectra of P1 and P2 arose from efficient intramolecular 
FRET for Pl. The PL quantum yields of P1 and P2 in water were 0.08, and 0.18, 
respectively, measured using quinine sulfate in 0.1 M H2SO4 (0.55) as the standard. The 
lower quantum yield of P1 should be due to the limited water-solubility of P1 and the 
charge transfer character of anthracene based molecules. The absorption spectrum of Fl is 
also shown in Figure 2.1b. A better spectral overlap was observed for P1 and F1 as 
compared to that for P2 and F1, indicating that P1 could potentially be a better signal 









Figure 2.1: (a) Normalized absorption spectra of P1 and P2 in water; P1', P2' and PEA-
Br in toluene (inset). (b) Normalized PL spectra of P1 and P2, and the absorption 
spectrum of Fl in water. [RU] = 3 μM, excitation at 380 nm. 
 
2.3.2. Aggregation induced intra and intermolecular energy transfer 
 
To study the effect of polymer aggregation on P1 emission, changes in the emission 
spectra of P1 upon addition of ssDNA1 into the polymer solution were monitored. The 
experiment was conducted in 2 mM PBS at pH = 7.4, where [RU] was 1 μM and 















Figure 2.2: The ratio of the PL intensity of P1 and P2 at 456 nm to that at 425 nm 
(I456/I425) as a function of ssDNA1 concentration in 2 mM PBS at pH = 7.4. [RU] = 1 μM; 
[ssDNA1] ranges from 0 to 52 nM at intervals of 10.4 nM; Excitation at 380 nm. 























































































Figure 2.2 summarizes the ratio of PL intensity at 456 nm to that at 425 nm 
(I456/I425) as a function of ssDNA1 concentration. The PL intensity ratio of P1 increased 
gradually with increased [ssDNA1], which saturates at [ssDNA1] = 30 nM. This 
phenomenon was similar to the spectral response of BT-containing PFs upon addition of 
oppositely-charged biomolecules as shown in previous reports.9 Complexation between 
P1 and DNA induced polymer aggregation, within which the interchain contacts among 








Scheme 2.2: A demonstration of aggregation enhanced intra and intermolecular energy 
transfer process in P1 (right-red arrows show the direction of energy transfer); the 
intramolecular energy transfer in isolated chain of P1 is shown to the left. 
 
Since interchain FRET was reported to be more efficient than intrachain FRET 
due to stronger electronic coupling and increased transfer dimensionality for interchain 
vs. intrachain interactions,10 FRET from the polymer main segments to the PEA end-
cappers was enhanced by the addition of ssDNA1, leading to more pronounced emission 
at 456 nm with increased [ssDNA1]. On the other hand, no distinct improvement of ratio 






2.3.3. Energy transfer properties 
 
To compare the energy transfer properties of P1 and P2, FRET from the polymers to 
ssDNA-Fl was performed upon excitation at 380 nm. Since there was negligible Fl 
absorption at 380 nm, the collected Fl emission was due to FRET from P1 or P2. The 
titration experiments were conducted by adding P1 or P2 into 10 nM ssDNA-Fl solution. 
As shown in Figure 3a, the polymer-sensitized F1 emission intensity gradually increased 
and the saturation occured at [RU]  0.3 μM. At each [RU], P1-sensitized F1 emission 
intensity was more intense as compared to that for P2, which was benefitted from both 
efficient FRET within P1 and that between P1 and ssDNA-F1. The better spectral 
















Figure 2.3: The F1 emission intensity (at 532 nm) as a function of [RU] for 
CCP/ssDNA-Fl mixtures in 10 mM PBS at pH = 7.4. [RU] varies from 0 to 0.47 μM, 
[ssDNA-Fl] = 10 nM, excitation at 380 nm.  





































Scheme 2.3: Schematic representation of PNA probe based DNA hybridization assay 
using end-capped polymer P1.  
 
Finally, P1 was used for sequence-specific DNA detection in 10 mM PBS buffer 
at pH = 7.4 as shown in scheme 2.3. The PNA-Fl probe was annealed at 85C for 5 
minutes with the complementary ssDNA2 and the non-complementary ssDNA3 
respectively, which was followed by cooling down to room temperature. Since PNA is 
neutral, hybridization between PNA and the complementary ssDNA2 endows the complex 
PNA-Fl/ssDNA2 negatively charged, which could electrostatically interact with the 
cationic polymer (P1) to bring the polymer and Fl into close proximity for energy 
transfer. On the other hand, when PNA was treated with non-complementary ssDNA3, 
the PNA remained neutral. Addition of P1 to the PNA/ssDNA3 solution would only result 
in P1/ssDNA3 complexation, and the distance between P1 and Fl remained too far for 
FRET. Using 10 nM annealed PNA-Fl/ssDNA2 or PNA-Fl/ssDNA3 as an example, upon 
addition of 0.3 µM P1, the normalized PL spectra for both solutions are shown in Figure 
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2.4. In addition, the normalized emission spectrum for 0.3 µM P1 in the absence of PNA-
Fl and ssDNA is also shown in Figure 2.4 for comparison. Upon excitation of P1 at 380 
nm, an intense fluorescein emission signal was observed for the solution containing 
ssDNA2, which was over 10-fold higher than that for the non-complementary ssDNA3, 
while this selectivity was only 4 fold for P2. These results indicated that P1 could be 
used for sequence specific DNA detection. Moreover, the earlier studies in my group on 
uncapped CPE suggested that end-capped CPE, P1 would potentially be able to enhance 








Figure 2.4: Normalized PL spectra of P1 (a) and P2 (b) in the presence of PNA-
F1/ssDNA2 or PNA-Fl/ssDNA3 in 10 mM PBS at pH = 7.4. [PNA-Fl/ssDNA] = 10 nM, 




A low-energy site end-capped cationic polyfluorene derivative (P1) was successfully 
synthesized and used for DNA detection. Efficient energy migration from the bulky high-
energy backbone to the minority low-energy end-cappers within the polymer was 
witnessed by the strong fluorescence at 456 nm (end-capper) and the weak fluorescence 





















































at 425 nm (backbone) in dilute aqueous solution. In addition, the end-capper emission 
was more dominant in the presence of DNA due to complexation-induced polymer 
aggregation and intra as well as intermolecular energy transfer. P1 thus had a better 
spectral overlap with fluorescein as compared to its uncapped counterpart P2, ultimately 
giving rise to more efficient FRET, and a higher polymer sensitized fluorescein emission 
signal than that for P2. When P1 was used for DNA detection, the signal from 
complementarty DNA was significantly higher than that from non-complementary DNA, 
indicating the suitability of using end-capped polymers for sequence-specific DNA 
detection. This work provided a new strategy to improve conjugated polymer based 
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Synthesis, Characterization and Application of Cationic Water-






Efficient conjugated polyelectrolyte (CPE) to dye FRET is a required condition for high 
sensitivity in bioassays.1 The importance of matching energy levels between the donor-
acceptor pairs to minimize photo-induced charge transfer processes that compete with the 
desired FRET amplification was also reported.2 Efforts have also been made to tune the 
conjugated polymer emission to match different probe chromophores.3  
Despite much success in demonstrating the sensing strategy and improving the 
CPE based sensor performance, fundamental information concerning important structure-
optical property relationships in cationic water-soluble conjugated polymer solutions 
remain lacking.4,5 Structural uncertainties in these polymers, such as the molecular 
weight distribution, batch to batch variation in molecular weight and defects prevent 
detailed study of the structural-property relationships of CPEs and the chain length 
dependent energy transfer/ electron transfer between donor molecules and dye-labeled 
biomolecules involved in the FRET process. In the previous effort, water-soluble 
fluorene-phenylene oligomers with one, two or three fluorene units on both sides of the 
phenylene ring were synthesized to study the interactions between the oligomers and 
single-stranded (ssDNA) or double-stranded (dsDNA).4 Although the oligomer size was 
found to affect the energy transfer ratios of oligomer/ssDNA-fluorescein (Fl) to 
oligomer/dsDNA-Fl, the relationship between the molecular size and the oligomer 
sensitized Fl emission intensity for dsDNA-Fl or ssDNA-Fl was not clear. In addition, the 
changes in the optical properties of the oligomers and their response to DNA molecules 
could not be generalized to understand the polymer behavior since the oligomers do not 
have the same repeat unit. Better understanding of cationic conjugated polymers and the 
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chain length dependent electron and energy transfer processes is thus of high importance 
to provide profound guidance for further improvement in CPE based sensor performance.  
In this chapter, the synthesis and characterization of a series of cationic water-
soluble conjugated oligofluorenes with chain length varying from three units (trimer) to 
seven units (heptamer) are shown. These molecules were used to examine the chain 
length dependent optical properties of water-soluble polyfluorenes and served to examine 
how variations in conjugation length could be used to optimize the fluorescence based 
sensory process. The work started with the synthesis and examination of the optical 
properties of the oligomers. This was followed by the study of oligomer quenching 
behaviors in the presence of 9, 10-anthraquinone-2, 6-disulfonate (AQS-2) and the energy 
transfer processes from the oligomers to dsDNA-Fl. Poly [9, 9-bis (6’-(N, N, N-
trimethylammonium) hexyl)-fluorene) dibromide] was also studied to allow a comparison 
of the oligomers against the polymer structure. In addition to that, the best donor 
molecule was employed to study condition dependent change in FRET. 
3.2. Experimental Section 
3.2.1. General methods 
 
Chemicals were purchased from Aldrich and used as received. 1H NMR and 13C NMR 
were recorded on Bruker 400 Ultrashield.TM. Shimadzu UV-1700, UV-Vis 
spectrophotometer was used to measure the absorption spectra. PL spectra were measured 
on Perkin Elmer LS55 luminescence spectrometer. The mass spectra were obtained using 
Bruker Daltonics Autoflex II TOF system. MALDI-TOF was performed using 2, 5-
dihydroxybenzoic acid (DHB) as the matrix under the reflector mode for data acquisition. 
THF and 50% CH3OH (50% H2O) were used as solvents for neutral and charged 
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compounds, respectively. Effective diameters of oligo/polymers were measured using 
laser light scattering (LLD) instruments by choosing “90+” option in “Particle Sizing 
Software.” 2-Bromo-9, 9-bis (6’-bromohexyl) fluorene and 2, 7-dibromo-9, 9-bis (6’-
bromohexyl) fluorene was synthesized according to the previous report. 5,6 
3.2.2. Synthesis section 
 
2-[9, 9-Bis (6-bromohexyl)-fluorenyl]-4, 4, 5, 5-tetramethyl-[1.3.2] dioxaborolane (2). 
2-Bromo-9, 9-bis (6’-bromohexyl) fluorene, 1 (4.54 g, 7.95 mmol), bis (pinacolato 
diboron) (3.02 g, 11.93 mmol), potassium acetate (2.94 g, 29.82 mmol) were placed in a 
100 mL round bottom flask. Anhydrous dioxane (80 mL) and PdCl2 (dppf) (0.20 g, 0.24 
mmol) were added to the flask and the reaction vessel was degassed. The mixture was 
stirred at 80 C for 12 hours under nitrogen. After cooling to room temperature, dioxane 
was removed by rotary evaporator. The residue was extracted with dichloromethane and 
the organic phase was washed with water and brine and dried over magnesium sulfate. 
The solvent was removed and the residue was purified with silica gel column 
chromatography (dichloromethane/hexane = 1:2) to afford 2 (3.13 g (64%) as white 
crystals. 1H NMR (400 MHz, CDCl3): δ= 7.83-7.70 (m, 4H), 7.35-7.32 (m, 3H), 3.28-
3.25 (t, J = 7.2 Hz, 4H), 2.03-1.95 (m, 4H), 1.67-1.58 (q, 4H), 1.40 (s, 12H), 1.18-1.16 (q, 
4H), 1.05-1.03 (m, 4H), 0.63-0.55 ppm (m, 4H); 13C NMR (100 MHz, CDCl3): δ= 151.1, 
149.7, 144.3, 141.1, 134.0, 128.9, 127.8, 127.0, 123.0, 120.4, 119.3, 83.9, 55.1, 40.3, 
34.2, 32.8, 29.2, 27.9, 25.2, 23.6 ppm;  MS (EI): m/z (%): 618.90 [M+].  
9, 9, 9´, 9´-Tetrakis (6´-bromohexyl)-2, 2´-bifluorene (3). A flask charged with 
compound 1 (0.61 g, 0.99 mmol), compound 2 (0.58 g, 0.99 mmol) and potassium 
carbonate (0.68 g, 4.93 mmol) in toluene (8 mL) and water (3 mL) was degassed for 15 
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minutes. Pd (PPh3)4 (0.02 g) was added to the flask and the mixture was degassed for 
another 15 minutes. The mixture was refluxed at 100C for 24 h and cooled to room 
temperature. After extraction with dichloromethane, the organic layer was washed with 
water and brine and dried over magnesium sulfate. The solvent was removed and the 
residue was purified with silica gel column chromatography (dichloromethane: hexane = 
1:5), followed by recrystallization from hexane to afford 3 (0.62 g, 64%) as white 
crystals. 1H NMR (400 MHz, CDCl3): δ = 7.80-7.62 (m, 8H), 7.38-7.26 (m, 6H), 3.30-
3.26 (t, J = 6.8 Hz, 8H), 2.07-2.04 (q, 8H), 1.69-1.65 (m, 8H), 1.27- 1.19 (q, 8H), 1.15-
1.10 (q, 8H), 0.80-0.65 ppm (m, 8H); 13C NMR (100 MHz, CDCl3): δ= 151.6, 151.0, 
141.2, 141.0, 140.8, 127.5, 127.4, 126.6, 123.3, 121.7, 120.4, 120.2, 55.5, 40.6, 34.1, 
33.0, 29.4, 28.1, 24.0 ppm; MS (MALDI-TOF): m/z(%): 982.11 [M].  
2, 7-Bis [9, 9´-bis(6´´-bromohexyl)-fluorenyl]-4, 4, 5, 5-tetramethyl-[1. 3. 2] 
dioxaborolane (5). Compound 4 (2.38 g, 3.57 mmol), bis(pinacolato)diboron (2.72 g, 
10.72 mmol), potassium acetate (2.64 g, 26.8 mmol) were placed in a 100 mL round 
bottom flask. Anhydrous dioxane (60 mL) and PdCl2 (dppf) (0.18 g, 0.21 mmol) were 
added to the flask and the reaction vessel was degassed for 15 minutes. The mixture was 
stirred at 80C for 12 hours under nitrogen. After cooling to room temperature, dioxane 
was removed by a rotary evaporator. The residue was extracted with dichloromethane 
and the organic phase was washed with water and brine and dried over magnesium 
sulfate. The solvent was removed and the residue was purified with silica gel column 
chromatography (dichloromethane/hexane = 1:2), followed by recrystallization from 
hexane to afford 5 (1.05 g, 52%) as white crystals. 1H NMR (400 MHz, CDCl3): δ= 7.83-
7.71 (m, 6H), 3.27-3.23 (t, J = 6.9 Hz, 4H), 2.03-1.99 (m, 4H), 1.64-1.57 (q, J = 7.0 Hz, 
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4H), 1.39(s, 24 H), 1.17-1.13 (q, 4H), 1.06-1.02 (q, 4H), 0.71-0.67 ppm (q, 4H); 13C 
NMR (100 MHz, CDCl3): δ= 150.3, 144.1, 134.0, 128.9, 119.7, 84.0, 55.2, 40.1, 34.2, 
32.8, 29.2, 27.9, 23.6 ppm;  MS (EI): m/z(%): 744 [M+].  
7-Bromo-9, 9, 9´, 9´-tetrakis (6´-bromohexyl)-2, 2´-bifluorene (6). A flask charged 
with compound 2 (2.54 g, 4.10 mmol), compound 4 (4.13 g, 6.19 mmol) and potassium 
carbonate (2.86 g, 20.75 mmol) in toluene (30 mL) and water (10 mL) was degassed for 
15 minutes. Pd (PPh3)4 (0.011 g) was added to the flask and the mixture was degassed for 
another 15 minutes. The mixture was kept at 100 C for 24 h and cooled to room 
temperature. After extraction with dichloromethane, the organic layer was washed with 
water and brine and dried over magnesium sulfate. The solvent was removed and the 
residue was purified with silica gel column chromatography (dichloromethane/hexane = 
1:5), followed by recrystallization from hexane to afford 6 (2.83 g, 65%)  as a light 
yellow solid. 1H NMR (400 MHz, CDCl3): δ= 7.86-7.79 (m, 3H), 7.74-7.64 (m, 5H), 7.55 
(s, 2H), 7.43-7.23 (m, 3H), 3.34-3.29 (t, J = 6.4 Hz, 8H), 2.12-2.07 (m, 8H), 1.74-1.68 
(m, 8H), 1.28-1.14 (m, 16H), 0.79-0.73 ppm (m, 8H); 13C NMR (100 MHz, CDCl3): δ= 
153.1, 151.4, 151.0, 150.8, 141.2, 140.9, 140.8, 140.4, 140.0, 139.5, 130.4, 129.3, 128.5, 
127.5, 127.2, 126.7, 126.5, 126.4, 125.6, 123.1, 121.4, 120.4, 120.3, 120.1, 55.6, 55.3, 
40.4, 34.2, 32.8, 29.2, 27.9, 23.8 ppm; MS (MALDI-TOF): m/z (%): 1061.61 [M]. 
9, 9, 9´, 9´, 9´´, 9´´-Hexakis (6´-bromohexyl)-2, 2´-7´, 2´´-terfluorene (7). Compound 7 
was prepared according to the method for 6 by using compound 2 (2.54 g, 4.10 mmol), 
compound 4 (1.37 g, 2.05 mmol), potassium carbonate (2.86 g, 20.75 mmol) and Pd 
(PPh3)4 (30 mg) in toluene (20 mL) and water (10 mL). Column chromatography 
(hexane/dichloromethane = 3:1) over silica gel yielded 7 (2.26 g, 75%) as an oily 
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product. 1H NMR (400 MHz, CDCl3): δ= 7.80-7.63 (m, 14H), 7.41-7.30 (m, 6H), 3.30-
3.27 (t, J = 6.4 Hz, 12H), 2.18-2.00 (m, 12H), 1.75-1.63 (q, 12H), 1.30-1.05 (m, 24H), 
0.85-0.65 ppm (m, 12H); 13C NMR (100 MHz, CDCl3): δ= 152.1, 151.8, 151.1, 141.1, 
141.0, 140.5, 127.7, 126.5, 123.3, 121.8, 120.5, 120.4, 55.5, 40.6, 34.1, 33.0, 29.5, 28.2, 
24.0 ppm; MS (MALDI-TOF): m/z (%): 1472.62 [M]; elemental analysis calcd (%) for 
C75H92Br6: C 61.16, H 6.30; found: C 61.76, H 6.33. 
7, 7´-Dibromo-9, 9, 9´, 9´-tetrakis (6-bromohexyl)-2, 2´-bifluorene (8). A 100 mL 
round bottom flask was charged with compound 3 (1.13 g, 1.15 mmol) and 
dichloromethane (15 mL) in an ice bath. Bromine (0.37 g, 2.30 mmol) in 
dichloromethane (10 mL) was added dropwise. The mixture was stirred at room 
temperature for 20 hours. A diluted potassium hydroxide solution (3%, ~25 mL) was 
added to quench the reaction. The organic layer was separated and washed with water 
and brine and dried over magnesium sulfate. The solvent was removed and the residue 
was recrystallized in a mixture of dichloromethane and hexane to afford 8 (0.79 g, 60%) 
as a light yellow solid. 1H NMR (400 MHz, CDCl3): δ= 7.80-7.49 (m, 12H), 3.30-3.27 (t, 
J = 6.8 Hz, 8 H), 2.10-1.98 (m, 8H), 1.72-1.64 (q, J = 7.2 Hz, 8H), 1.30-1.06 (m, 16H), 
0.75-0.65 ppm (m, 8H); 13C NMR (100 MHz, CDCl3): δ= 153.3, 151.3, 141.2, 140.2, 
139.9, 130.6, 126.9, 126.6, 121.6, 120.6, 55.9, 40.5, 33.0, 29.4, 28.1, 24.0; MS (MALDI-
TOF): m/z (%): 1139.89 [M].  
7, 7´´-Dibromo-9, 9, 9´, 9´, 9´´, 9´´- hexakis (6-bromohexyl)- 2, 2´-7´, 2´´ terfluorene 
(9). Compound 9 was prepared according to the method for 8 by using compound 7 (1.08 
g, 0.74 mmol) and bromine (0.37 g, 2.3 mmol). The product was purified using silica gel 
column chromatography (hexane/toluene = 3:1), which was followed by recrystallization 
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from acetone at 4 C to afford  9 as a yellowish solid (0.54 g, 45%). 1H NMR (300 MHz, 
CDCl3): δ= 7.95-7.20 (m, 18H), 3.41-3.20 (m, 12H),  2.25-2.05 (m, 12H), 1.80-1.60 (m, 
12H), 1.35-1.20 (m, 12H), 1.25-1.15 (m, 12H), 0.80-0.60 ppm (m, 12H); 13C NMR (75 
MHz, CDCl3): δ= 152.9, 151.5, 150.8, 141.0, 140.4, 140.2, 139.8, 139.4, 130.2, 126.5, 
126.4, 126.2, 121.3, 120.2, 55.5, 40.2, 33.9, 32.5, 29.1, 27.8, 25.0, 23.6 ppm; MS 
(MALDI-TOF): m/z (%): 1630.14 [M]. 
2-[9, 9, 9´, 9´-Tetrakis (6´-bromohexyl)-7, 2´-bifluorenyl-2-yl]-4, 4, 5, 5-tetramethyl 
[1.3.2] dioxaborolan (10). Compound 10 was prepared according to the procedure used 
for 2 by using compound 6 (1.28 g, 1.20 mmol), bis(pinacolato)diboron (0.46 g, 1.81 
mmol), potassium acetate (0.45 g, 4.52 mmol) and PdCl2(dppf) (40 mg) in anhydrous 
dioxane (12 mL). Purification using silica gel column chromatography (hexane/toluene = 
3:1) yielded 10 (0.78 g, 58%) as a white solid .1H NMR (400 MHz, CDCl3): δ= 7.73-7.60 
(m, 10H), 7.37-7.30 (m, 3H), 3.29-3.24 (t, J = 6.4 Hz, 8H), 2.09-2.04 (m, 8H), 1.70-1.61 
(m, 8H), 1.40 (s, 12H), 1.25-1.05 (m, 16 H), 0.75-0.60 ppm (m, 8H); 13C NMR (100 
MHz, CDCl3) δ= 152.2, 151.5, 151.0, 150.2, 144.3, 141.5, 141.2, 141.0, 140.5, 134.5, 
129.3, 128.1, 127.9, 127.4, 123.3, 121.7, 120.8, 120.4, 120.2, 119.5, 84.2, 55.6-55.5, 
40.6-40.5, 34.1, 33.0, 29.5, 28.1, 25.4, 24.0-23.9 ppm; MS (MALDI-TOF): m/z (%): 
1108.24 [M]. 
 7, 7´-Bis (4, 4, 5, 5-tetramethyl-[1. 3. 2] dioxaborolan-2-yl)-9, 9, 9´, 9´-tetra (6´-
bromohexyl)-2, 2´-bifluorene (11). Compound 11 was prepared according to the 
procedure used for 5 by using compound 8 (2.6 g, 2.28 mmol), bis(pinacolato)diboron 
(1.73 g, 6.84 mmol), potassium acetate (1.69 g, 17.12 mmol) and PdCl2(dppf) (0.12 g) in 
anhydrous dioxane (40 mL). Purification using silica gel column chromatography 
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(hexane/toluene = 3:1) yielded 11 (1.24 g, 44%) as a white solid. 1H NMR (500 MHz, 
CDCl3): δ= 7.81-7.61 (m, 12H), 3.28-3.25 (t, J = 7.0, 8H), 2.07-2.05 (m, 8 H), 1.68-1.62 
(q, J = 7.0, 8H), 1.41 (s, 24H), 1.22-1.19 (q, 8H), 1.10-1.08 (q, 8H), 0.72-0.67 ppm (q, J = 
7.6, 8H); 13C NMR (125 MHz, CDCl3) δ= 151.8, 149.8, 143.8, 140.9, 140.3, 134.0, 
128.8, 126.3, 121.3, 120.5, 119.2, 83.8, 55.2, 40.1, 33.9, 32.6, 29.0, 27.7, 25.0, 23.5 ppm; 
MS (MALDI-TOF): m/z (%): 1234.367 [M].  
9, 9, 9´, 9´, 9´´, 9´´, 9´´´, 9´´´- Octakis (6-bromohexyl)-2, 2´-7´, 2´´-7´´, 2´´´ -
tetrafluorene (12). Compound 12 was synthesized according to the same procedure for 7 
by using compound 8 (468 mg, 0.41 mmol), compound 2 (506 mg, 0.82 mmol), 
potassium carbonate (675 mg, 4.93 mmol) and PdCl2(dppf) (20 mg) in a mixture of 
toluene (8 mL) and water (3 mL). After reaction for 24 hours at 85oC, the mixture was 
cooled down to room temperature.  After evaporation of toluene, dichloromethane ( 20 
mL) was added to the reaction mixture and the organic layer was washed with water, 
brine and dried over magnesium sulfate. The solvent was removed and the residue was 
purified with silica gel column chromatography (dichloromethane/hexane = 1:4), 
followed by recrystallization from hexane to afford 12 (418 mg, 52%) as a pale yellow 
solid. 1H NMR (400 MHz, CDCl3): δ= 7.86-7.64 (m, 20H), 7.37-7.31 (m, 6H), 3.30-3.24 
(t, J = 6.8 Hz, 16H), 2.18-2.05 (m, 16H), 1.72-1.64 (m, 16H), 1.31-1.10 (m, 32H), 0.90-
0.65 ppm (m, 16H); 13C NMR (100 MHz, CDCl3): δ= 151.9, 151.6, 151.0, 141.2, 140.9, 
140.5, 127.5, 127.4, 126.8, 126.6, 123.3, 121.7, 120.5, 120.2, 55.7-55.5, 40.6, 34.1, 33.0, 
29.4, 28.1, 24.0 ppm; MS (MALDI-TOF) 1963.44 [M]; elemental analysis calcd (%) for 
C100H122Br8: C 61.18, H 6.26; found: C 61.22, H 6.30. 
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9, 9, 9´, 9´, 9´´, 9´´, 9´´´, 9´´´, 9´´´´, 9´´´´-Decakis (6´-bromohexyl)-2, 2´-7´, 2´´-7´´, 2´´´-
7´´´, 2´´´´-pentafluorene (13). Compound 13 was synthesized according to the same 
procedure used for 7 by using compound 6 (594 mg, 0.56 mmol), compound 5 (190 mg, 
0.28 mmol), potassium carbonate (800 mg, 5.84 mmol) and PdCl2 (dppf) (15 mg) in a 
mixture of tetrahydrofuran (10 mL) and water (4 mL). After reaction for 24 hours at 85o 
C, the mixture was cooled down to room temperature.  After evaporation of 
tetrahydrofuran, dichloromethane ( 20 mL) was added to the reaction mixture and the 
organic layer was washed with water, brine and dried over magnesium sulfate. The 
solvent was removed and the residue was purified with silica gel column chromatography 
(dichloromethane/hexane = 1:3) to afford 13 (200 mg, 27%) as a pale yellow solid. 1H 
NMR (300 MHz, CDCl3): δ= 7.95-7.60 (m, 26 H), 7.45-7.30 (m, 6H), 3.31-3.27 (t, J = 
6.6 Hz, 20H), 2.20-2.00 (m, 20H), 1.80-1.60 (m, 20H), 1.35-1.10 (m, 40H), 0.90-0.65 
ppm (m, 20H); 13C NMR (75 MHz, CDCl3): δ= 151.4, 151.1, 150.6, 140.7, 140.4, 140.1, 
127.1, 126.9, 122.8, 121.3, 121.2, 120.1, 120.0, 119.8, 55.3-55.1, 40.2, 34.0, 32.6, 29.0, 
27.7, 23.7 ppm; MS (MALDI-TOF): m/z (%): 2453.93 [M]; elemental analysis calcd (%) 
for C125H152Br10: C 61.19, H 6.24; found: C 61.08, H 6.26. 
9, 9, 9´, 9´, 9´´, 9´´, 9´´´, 9´´´, 9´´´´, 9´´´´, 9´´´´´, 9´´´´´-Dodecakis (6-bromohexyl)-2, 2´-
7´, 2´´-7´´, 2´´´-7´´´, 2´´´´-7´´´´, 2´´´´´ -hexafluorene (14). Compound 14 was 
synthesized according to the same procedure for 7 by using compound 11 (239 mg, 0.19 
mmol), compound 6 (411 mg, 0.39 mmol), potassium carbonate (820 mg, 6.00 mmol), 
tetrabutylammonium bromide (0.05 g) and PdCl2(dppf) (15 mg) in a mixture of 
tetrahydrofuran (10 mL) and water (4 mL). After reaction for 24 hours at 85oC, the 
mixture was cooled down to room temperature. After evaporation of tetrahydrofuran, 
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dichloromethane ( 20 mL) was added to the reaction mixture and the organic layer was 
washed with water, brine and dried over magnesium sulfate. The solvent was removed 
and the residue was purified with silica gel column chromatography 
(dichloromethane/hexane = 1:3) to afford 14 (170 mg, 30%) as a pale yellow solid. 1H 
NMR (400 MHz, CDCl3): δ= 7.89-7.63 (m, 32H), 7.36-7.31 (m, 6H), 3.31-3.27 (br, 
24H), 2.20-2.00 (br, 24H), 1.70-1.60 (br, 24H), 1.27-1.10 (br, 48H), 0.90-0.65 ppm (br, 
24H); 13C NMR (100 MHz, CDCl3): δ= 151.9, 151.6, 151.0, 141.2, 141.0, 140.5, 127.5, 
127.4, 126.8, 126.6, 123.2, 121.8, 120.5, 120.2, 55.7-55.5, 40.6, 34.1, 33.0, 29.4, 28.1, 
24.1-24.0 ppm; MS (MALDI-TOF): m/z (%): 2943.44 [M]; elemental analysis calcd (%) 
for C150H182Br12: C 61.20, H 6.23; found: C 61.87, H 6.30. 
9, 9, 9´, 9´, 9´´ 9´´, 9´´´, 9´´´, 9´´´´, 9´´´´, 9´´´´´, 9´´´´´, 9´´´´´´, 9´´´´´´-Tetradecakis (6-
bromohexyl)-2, 2´-7´, 2´´-7´´, 2´´´-7´´´, 2´´´´-7´´´´, 2´´´´´-7´´´´´,2´´´´´´-heptafluorene 
(15). Compound 15 was synthesized using compound 9 (0.23 g, 0.14 mmol) and  
compound 10 (0.3 g, 0.28 mmol), according to the same procedure as for 14 to yield 15 
(0.13 g, 27%) as a yellowish solid. 1H NMR (300 MHz,CDCl3): δ= 7.85-7.35 (m, 44H), 
3.30-3.20 (m, 28H), 2.20-2.05 (m, 28H), 1.70-1.67 (m, 28H), 1.28-1.18 (br, 56H), 0.85-
0.70 ppm (m, 28H); 13C NMR (75 MHz, CDCl3): δ= 151.9, 151.5, 151.0, 141.0, 140.5, 
127.0, 126.8, 123.2, 121.8, 120.5, 55.7, 40.6, 34.2, 33.0, 29.4, 28.1, 24.1 ppm; MS 
(MALDI-TOF): m/z (%): 3434.46 [M]; elemental analysis calcd (%) for C175H212Br14: C 
61.20, H 6.23; found: C 61.76, H 6.38. 
9, 9, 9´, 9´, 9´´, 9´´-Hexakis (6´´-(N, N, N-trimethylammonium)hexyl)-2, 2´-7´, 
2´´terfluorenyl hexabromide (16). Condensed trimethylamine (~ 2 mL) was added 
dropwise to a solution of compound 7 (1.0 g, 0.68 mmol) in THF (15 mL) at  78 C. 
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The mixture was allowed to warm up to room temperature. The precipitate was re-
dissolved by the addition of methanol (10 mL). After the mixture was cooled down to  
78C, extra trimethylamine (~ 2 mL) was added and the mixture was stirred for 24 h at 
room temperature. After removing the solvent, acetone was added to precipitate 16 (0.75 
g, 60%) as a light yellow powder. 1H NMR (300 MHz, CD3OD): δ= 8.46-8.32 (m, 14H), 
8.00-7.88 (m, 6H), 3.83-3.77 (br, 12H), 3.58 (s, 54H), 2.85-2.60 (br, 12H), 2.12 (br, 
12H), 1.70 (br, 12H), 1.35-1.10 ppm (br, 12H); 13C NMR (75 MHz, CD3OD): δ= 152.9, 
152.5, 151.9, 142.2, 142.0, 141.6, 128.4, 128.2, 127.4, 124.1, 122.2, 121.4, 120.9, 67.6, 
56.7, 53.6, 41.3, 30.3, 26.9, 25.0, 23.8 ppm; MS (MALDI-TOF): m/z (%): 529.30 [M-
3Br]3+, 377.01 [M-4Br]4+, 285.60 [M-5Br] 5+. 
 9, 9, 9´, 9´, 9´´, 9´´, 9´´´, 9´´´-Octakis (6´´-(N, N, N-trimethyl ammonium)-hexyl)-2, 
2´-7´, 2´´-7´´, 2´´´-tetrafluorenyl octabromide (17). Compound 17 was synthesized 
according to the procedure for 16 by using compound 12 (100 mg, 0.05 mmol) to react 
with trimethylamine (2 mL) for 24 h. After removing the solvent, acetone was added to 
precipitate 17 (76 mg, 62%) as a white solid. 1H NMR (300 MHz, CD3OD): δ= 8.47-8.31 
(m, 20H), 8.01-7.89 (m, 6H), 3.84-3.77 (br, 16H), 3.59 (s, 72 H), 2.80-2.69 (br, 16 H), 
2.15 (br, 16H), 1.73 (br, 16H), 1.32 ppm (br, 16H); 13C NMR (75 MHz, CD3OD): δ= 
152.9, 152.5, 151.9, 142.3, 142.1, 141.6, 128.4-128.3, 127.4, 124.1, 122.2, 121.3, 120.9, 
67.7, 56.7, 53.6, 41.2, 30.4, 26.9, 25.0, 23.8 ppm; MS (MALDI-TOF): m/z (%): 324.40 
[M-6Br] 6+, 268.12 [M-7Br] 7+, 224.96 [M-8Br]8+. 
9, 9, 9´, 9´, 9´´, 9´´, 9´´´, 9´´´, 9´´´´, 9´´´´-Decakis (6´´-(N, N, N-trimethylammonium) 
hexyl)-2, 2´-7´, 2´´-7´´, 2´´´-7´´´, 2´´´´-pentafluorenyl decabromide (18). Compound 18 
was synthesized according to the procedure for 16 by using compound 13 (100 mg, 0.04 
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mmol) to react with trimethylamine (2 mL) for 24 h. After removing the solvent, acetone 
was added to precipitate 18 (80.7 mg, 65%) as a white solid. 1H NMR (300 MHz, 
CD3OD): δ= 8.47-8.31 (m, 26H), 7.99-7.89 (m, 6H), 3.80-3.60 (m, 20H), 3.59 (s, 90H), 
2.85-2.65 (br, 20H), 2.15 (br, 20H), 1.76 (br, 20H), 1.32 ppm (br, 20H); 13C NMR (75 
MHz, CD3OD): δ= 152.9, 152.5, 152.2, 142.3, 142.1, 141.7, 142.3, 142.1, 141.7, 128.4, 
127.4, 124.1, 122.2, 121.4, 120.9, 67.7, 56.7, 53.6, 41.2, 30.5, 27.0, 25.1, 23.8; MS 
(MALDI-TOF): m/z (%): 2968.09 [M-Br]+, 306.09 [M-8Br] 8+, 225.9 [M-10Br] 10+.  
9, 9, 9´, 9´, 9´´, 9´´, 9´´´, 9´´´, 9´´´´, 9´´´´, 9´´´´´, 9´´´´´-Dodecakis (6´´-(N, N, N-
trimethyl ammonium)hexyl)-2, 2´-7´, 2´´-7´´, 2´´´-7´´´, 2´´´´-7´´´´, 2´´´´´-hexafluorenyl 
dodecabromide (19). Compound 19 was synthesized according to the procedure for 16 
by using compound 14 (50 mg, 0.016 mmol) to react with trimethylamine (2 mL) for 24 
h. After removing the solvent, acetone was added to precipitate 19 (35 mg, 60%) as a 
light yellow solid. 1H NMR (300 MHz, CD3OD): δ= 8.54-8.42 (br, 32H), 8.07-7.98 (br, 
6H), 3.87 (br, 24H), 3.67 (s, 108H), 3.00-2.85 (br, 24H), 2.2 (br, 24H), 1.81 (br, 48H), 
1.40 ppm (br, 24H); 13C NMR (75 MHz, CD3OD): δ= 152.1, 151.7, 151.1, 141.5, 141.3, 
140.1, 127.6-127.5, 126.6, 123.3, 121.4, 120.6, 120.1, 66.9, 55.9, 52.7, 40.5, 29.6, 26.1, 
24.3, 22.9 ppm; MS (MALDI-TOF): m/z (%): 441.79 [M-7Br]7+, 377.36 [M-8Br]8+, 
254.06 [M-11Br]11+ , 224.54 [M-12Br] 12+. 
9, 9, 9´, 9´, 9´´, 9´´, 9´´´, 9´´´, 9´´´´, 9´´´´, 9´´´´´, 9´´´´´, 9´´´´´´, 9´´´´´´-Tetradecakis (6´´-
(N, N, N-trimethylammonium)hexyl)- 2, 2´-7´, 2´´-7´´, 2´´´-7´´´, 2´´´´-7´´´´, 2´´´´´-
7´´´´´, 2´´´´´´-heptafluorenyl tetradecabromide (20). Compound 20 was synthesized 
according to the procedure for 16 by using compound 15 (20 mg, 0.006 mmol) to react 
with trimethylamine (2 mL) for 24 h. After removing the solvent, acetone was added to 
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precipitate 20 (16 mg, 65 %) as a yellowish solid. 1H NMR (400 MHz, CD3OD): δ= 8.53-
8.37 (br, 38H), 8.05-7.96 (br, 6H), 3.93 (br, 28H), 3.65 (s, 126H), 3.00-2.89 (br, 28H), 
2.15 (br, 28H), 1.75 (br, 56H), 1.40 ppm (br, 28H); 13C NMR (75 MHz, CD3OD): δ= 
152.0, 151.5, 140.5, 128.7, 126.6, 123.3, 121.2, 120.4, 120.1, 66.8, 55.7, 52.7, 40.2, 29.6, 
25.7, 24.2, 22.4 ppm; MS (MALDI-TOF): m/z (%): 1339.04 [M-3Br]3+, 985.23 [M-
4Br]4+, 772.28 [M-5Br]5+, 629.82 [M-6Br] 6+.  
3.3. Results and Discussions 
 
The intermediates for water-soluble oligomers were obtained by the sequence of 
reactions shown in Scheme 3.1. Starting from mono- (1) and dibromide (4) of 
bromohexyl substituted fluorenes, the corresponding mono- (2) and diboronic esters (5) 
were synthesized via the modified Miyaura reaction in the presence of 
bis(pinacolato)diboron and KOAc using dioxane as the solvent. Compounds 2 and 5 were 
obtained in a yield of 64% and 52%, respectively, after purification by silica 
chromatography.  Suzuki coupling between one equivalent of 1 and 2 with Pd(PPh3)4 as 
the catalyst in a mixture of toluene and 2M K2CO3 aqueous solution for 24 h yielded the 
fluorenyl dimer 3 in 64% yield. Similarly, reaction of 2 with one and a half equivalents of 
4 gave the monobrominated fluorenyl dimer 6 in 65% yield, together with a small 
fraction of trimer 7 in 19% yield. Compound 7 was also synthesized from two 
equivalents of 2 and one equivalent of 4 in 75% yield. Direct bromination of 3 and 7 at 
room temperature using liquid bromine in dichloromethane in the presence of a trace 
amount of iodine afforded dibrominated fluorenyl dimer 8 and trimer 9 in a yield of 60% 
and 45%, respectively, after purification. For large bromide molecules, such as 9, 
multiple column chromatographies were necessary for purification since the side products 
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were difficult to remove through recrystallization. 6 and 8 were transformed to their 
corresponding boronic esters 10 and 11 in a yield of 58% and 44%, respectively, using 
the same method for 2 and 5.  The availability of the alkylbromide-containing 



















Scheme 3.1: Synthetic route to the intermediates for oligomers (a) bis (pinacolato) 
diboron, PdCl2 (dppf), KOAc, dioxane, 80 C; (b) Pd(PPh3)4, 2 M K2CO3, toluene/H2O, 
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Scheme 3.2: Synthetic route to the neutral and water-soluble oligomers: (a) Pd(PPh3)4, 2 
M K2CO3, toluene/H2O, 100C;  b) NMe3, THF/H2O. 
 
molecules that relied on Suzuki cross-coupling protocols. In addition, the new procedure 
bypassed the needs to prepare trialkylamino-substituted oligomers or protected 
intermediates, which were complicated or difficult to purify.4 As compared to previous 
approaches for neutral monodispersed oligofluorenes,7 which took advantage of the large 
reactivity difference between diazonium salts or trimethylsilyl groups and arylbromides 
in the cross-coupling reaction with arylboronates,8 the proposed strategy is much 
straightforward and is compatible with functional bromide groups at the end of the side 
chain. 
As shown in Scheme 3.2, the synthetic entry to the fluorenyl oligomers ranging 
from the trimer to the heptamer involved palladium mediated Suzuki cross-coupling 
reaction between the fluorenyl boronic esters and the brominated fluorenes. The reactions 
proceeded in the presence of Pd (PPh3)4 in a mixture of 2M aqueous K2CO3 solution and 
THF or toluene. The coupling between two equivalents of 2 and 4 or 8 afforded fluorenyl 
trimer 7 and tetramer 12 in a yield of 75% and 52%, respectively. The fluorenyl pentamer 
2 + 8
6 + 5

























2 + 4 7 n = 3
16 n = 3
10 + 9 15    n = 7




13 and hexamer 14 were obtained from a coupling reaction between 5 or 11 and two 
equivalents of 6, both in a yield of 30%. Similarly, the heptamer 15 was obtained in 
27% yield by coupling 9 and 10. For fluorenyl oligomers, purification was done using 
column chromatography followed by recrystallization from hexane-dichloromethane to 
afford the products as white or pale yellow solids. The 1H and 13C NMR spectroscopy, 
MALDI-TOF mass spectroscopy and elemental analysis results confirmed the right 
molecular structures and high purity of the neutral oligomers 7 and 12-15.  
Quaternization of the pendant bromide groups on the backbone, by addition of condensed 
trimethylamine, provided the cationic water-soluble oligomers 16-20 in a yield of 60% to 
65% after precipitation from acetone and drying. After quaternization, the characteristic 
signals at 3.40-3.20 ppm that corresponded to the chemical shift of -CH2CH2Br for the 
neutral oligomers disappeared completely. A new signal at 3.60 ppm that belonged to -
CH2CH2N(CH3)3 appeared in the 1H NMR spectra of 16-20. The degree of quaternization 
was thus nearly quantitative for the oligomers. Molecular structures of 16-20 were also 
confirmed using NMR spectroscopy and MALDI-TOF mass spectroscopy. By using the 
hexamer as an example, observed ionized mass peaks corresponded to 441.79 [M-7Br]7+, 
377.36 [M-8Br]8+, 254.06 [M-11Br]11+ and 224.54 [M-12Br]12+, respectively. The 
polymer had a number-average molecular weight of 33,000 ( 50 repeat units) and a 
polydispersity of 1.8. Oligomers 16-19 are highly soluble in water (> 20 mg/mL), while 
oligomer 20 required ultrasonication to get a clear aqueous solution with a concentration 
of 20 mg/mL. The polymer had a low solubility in water (< 2 mg/mL) 
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Figure 3.1: The absorption spectra of the fluorenyl oligomers 16-20 (trimer-heptamer) 
and the polymer in water (a) and in methanol (b) at [fluorene unit] = 3.0  10-6 M. 
 
The absorption spectra of the oligomers 16-20 and the polymer in water (Figure 3.1a) and 
methanol (Figure 3.1b) with the same fluorene unit concentration of 3.0  10-6 M are 
shown in and the data are presented in Table 3.1. The fluorenyl oligomers exhibited 
unstructured absorption band in both water and methanol. There was a progressive red-
shift in the absorption maxima with increasing chain length in both water and methanol. 
In water, the maximum absorption wavelength increased from 353 nm for the trimer to 
385 nm for the heptamer and 395 nm for the polymer which was slightly red-shifted as 
compared to that in methanol.  Previous studies have shown that methanol is a good 
solvent for amphiphilic oligomers and polymers, which can greatly reduce molecular 
aggregation in water.6,9 
 In methanol, the absorption maxima for the trimer to the heptamer were 350 nm, 
364 nm, 371 nm, 375 nm and 379 nm, respectively, which corresponded to the energies  
 
 





















































Table 3.1: Summary of the absorption and emission spectra for the fluorenyl oligomers 
and the polymer in methanol, water and buffer (25 mM  phosphate buffer, pH = 7.4) 
 
 
of 3.54 eV, 3.41 eV, 3.34 eV, 3.31 eV and 3.27 eV. From the absorption maximum for 
each oligomer in methanol, it was possible to determine the active conjugation length of 
the polymer by examination of the plot of the absorption energy versus the value of 1/n, 
where n represented the number of fluorene units for each oligomer. As shown in Figure 
3.2, the absorption energy versus 1/n gives a linear curve (correlation coefficient = 0.996) 
from which one could derive the following equation:  
E (ev) = 3.06 + 1.435/n                      (3.1) 
From the absorption maximum of the polymer (390 nm which corresponded to 
3.18 eV), one could estimate that the cationic polyfluorene had an effective conjugation 
length of about 11 to 12 repeat units. This was similar to the previous report where an 
effective conjugation length of 12 repeat units was reported for poly(9,9-di-n-
hexylfluorene-2,7-diyl), which showed an absorption maximum of 390 nm in 



















Trimer 350 392 94 353 396 90 354 398 82 
Tetramer 364 404 90 367 408 89 372 412 72 
Pentamer 371 410 88 374 415 82 379 423 67 
Hexamer 375 412 85 380 422 70 383 426 57 
Heptamer 380 413 80 385 422 52 386 426 46 
Polymer 390 414 78 395 422 45 411 428 17 
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tetrahydrofuran.10 The molar absorption coefficient () based on fluorene unit was nearly 
the same for all the oligomers and the polymer in water, which has a value of  2.9  104 
L mol-1cm-1.  In methanol, the  based on fluorene unit is  3.0  104 L mol-1cm-1, which 







Figure 3.2: Energy of the oligomer absorption maxima in methanol vs. the inverse ring 








Figure 3.3: Normalized emission spectra of the fluorenyl oligomers 16-20 and the 
polymer in water (a) and in methanol (b) at [fluorene unit] = 3.0  10-6 M. 
 
The emission spectra of the oligomers and the polymer were also studied in both 
water (Figure 3.3a) and methanol (Figure 3.3b), and the data are summarized in Table 
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to 422 nm for the hexamer, and the emission maxima remained virtually unchanged when 
the chain length was further increased. The fact that the spectral absorption maxima 
continue to shift to the red through n = 12, while the emission maximum does not shift 
further to the red for n > 6 suggested that the fluorene backbone geometry changed  
significantly in going from the ground state (S0) to the vibronically relaxed excited 
state.10 Similar observation had also been reported previously where the emission 
maximum of neutral oligofluorenes in tetrahydrofuran reached the limit at n = 6.10 In 
methanol, the emission maxima were slightly blue-shifted for all the oligomers and the 
polymer, and the emission spectra were narrower as compared to those in water. The 
narrowed emission spectra reflected a smaller conformational distribution of excited 
species for 16-20 in methanol, as compared to that in water. Both the oligomers and the 
polymer had shown well-structured PL spectra in water and methanol. As shown in 
Figure 3.3, for each molecule, two well-resolved emission bands that corresponded to 0-0 
and 0-1 intrachain singlet transition were present. The ratio of the intensities for the 0-0 
transition to the 0-1 transition increased with the oligomer size. When normalized, the 
polymer showed the lowest 0-1 transition. This was due to the increased intrachain 
coupling with increased chain length.8a The fluorescence quantum efficiency () was 
determined against quinine sulfate in 0.1 N H2SO4 (54%) as the standard, and the values 
are shown in Table 3.1. The  values of the oligomers decreased with increased chain 
length in both water and methanol. The  value varied from 94% for the trimer to 78% 
for the polymer in methanol, and from 90% for the trimer to 45% for the polymer in 
water, respectively.  
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Figure 3.4: The absorption spectra of oligomer 16-20 and polymer (a-f) with increased 
concentration of NaCl. [fluorene unit] = 3  10-6 M. 
 










































































































































Understanding the optical properties of the oligomers and the polymer in water with 
varying ionic strength is of high importance for bioassay applications since buffer ions 
screen negative charges on DNA which facilitate hybridization.11 The effect of ionic 
strength on the optical properties of the oligomers and the polymer was studied by 
monitoring the absorption and emission spectral changes of their aqueous solutions upon 
addition of different amount of NaCl. In these experiments, the solution concentration 
based on fluorene unit was kept at 3  10-6M, with [NaCl] varying from 0 to 118 mM at 
an increase of 12 mM upon each NaCl addition. The corresponding spectra are shown in 
the Figure 3.4 and 3.5. With the addition of NaCl, there was a decrease in both absorption 
and fluorescence for all solutions. When [NaCl] was varied from 0 to 118 mM, the 
decrease in absorbance was to the similar extent (around 40%) for all solutions and there 
was no obvious precipitation observed. For the trimer and tetramer, a slight red-shift was 
also observed with increased [NaCl] in solution. For the pentamer, hexamer, heptamer 
and the polymer, the absorption spectra also changed their shapes even in the presence of 
12 mM NaCl. A new shoulder peak appeared at the long wavelength and the peak 
intensity increased with increased chain length. The most obvious change was observed 
for the polymer, where the absorption at 395 nm in water slightly red-shifted to 397 nm 
in the presence of NaCl and a more intense new band appeared at 411 nm. Comparison of 
NaCl induced changes in the absorption spectra of 16-20 and the polymer revealed that 
the conformational changes in the ground state was more obvious for large size 
molecules. 
In general, when molecules aggregate and if the aggregates are soluble, 
bathochromic and hypsochromic shifts are observed in absorption when comparing 
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unaggregated with aggregated forms.12 On the other hand, when molecules aggregate and 
the aggregates are not very soluble, aggregation or precipitation can result in a decrease 
of the absorption band and an increase in the absorption at the long wavelength side due 
to particle scattering. None of these two effects were obvious in Figure 3.4, which 
indicated that the observed spectral change was less likely due to salt induced 
aggregation. The effect of NaCl on the effective diameters (EDs) of the oligomers and the 
polymer in solution was also studied by dynamic light scattering techniques.13 At an 
equal [fluorene unit] = 1  10-5 M in water, the EDs for solutions containing the trimer to 
the heptamer were in the range of 350-450 nm, and the ED for the polymer was around 
600 nm. These values did not change within 24 h. Upon addition of 118 mM NaCl to 
each solution, the change in ED was less than 5% when measured within 5 minutes. 
However, the EDs increased to 1000 nm or more for all solutions when they were kept 
at room temperature for 24 h. This indicated that the spectral red-shift and the decrease in 
absorbance in the presence of NaCl (shown in Figure 3.4) were not due to aggregation 
formation. The new band (> 400 nm) in the presence of NaCl reflected the changes of the 
backbone conformation of the oligomers/polymer from a more disordered state to a less 
disordered state in solution.14 The conformational change could favor molecular 
agglomeration and aggregation, which eventually leads to big aggregates and 























Figure 3.5: The emission spectra of oligomer 16-20 and polymer (a-f) with increased 
concentration of NaCl (0-118 mM). [fluorene unit] = 3  10-6 M. 










































































































Upon addition of NaCl to the oligomer/polymer solutions, a red-shift in emission 
was also observed for aqueous solutions containing the pentamer, hexamer, heptamer and 
the polymer (Figure 3.5). The red-shift also continued with increased [NaCl]. The 
fluorescence decrease rate also increased with the molecular size. When [NaCl] was 
increased from 0 to 118 mM, a 40% decrease in fluorescence intensity was observed for 
the trimer while a 90% decrease was observed for the polymer. The quantum yield of the 
trimer did not change significantly with the increased ionic strength in solution. The most 
obvious decrease in quantum yield was observed for the polymer, which changed from 
45% in water in the absence of NaCl to about 8% at [NaCl] = 118 mM in solution. In the 
following studies, 25 mM phosphate buffer (pH = 7.4) was used as the medium, which 
was chosen to maintain not only a relatively high fluorescence quantum yield for all the 
donor molecules but also good stability of dsDNA in solution.2,15 The absorption and 
emission spectra of the oligomers and the polymer in buffer are shown in Figure 3.6, and 














Figure 3.6: The normalized absorption (a) and emission (b) spectra of fluorenyl 
oligomers 16-20 and polymer in buffer at [fluorene unit] = 3.0  10-6 M. The absorption 
of Fl (ssDNA-Fl) is also shown in the bottom. [ssDNA-Fl] = 1.2  10-5 M. 
 



























































3.3.3. Fluorescence quenching  
 
To investigate the electronic communication and chain length dependent light harvesting 
properties, it is useful to examine the processes such as the fluorescence quenching and 
energy transfer with different acceptor molecules. Fluorescence quenching of the 
oligomers and the polymer was examined using an electron acceptor 9,10-anthraquinone-
2,6-disulfonate (AQS2-) in 25 mM phosphate buffer. Experiments were conducted at an 
equal [fluorene unit] of 2  10-6 M. The quenching efficiency is determined using the 
Stern-Volmer equation:  
F0/F = 1 + Ksv [quencher]                    (3.2) 
Here, F0 and F are fluorescence intensities in the absence and presence of the quencher, 
respectively.  
The Ksv plot of the oligomers quenched by AQS2- in buffer is shown in Figure 3.7. 
The Stern-Volmer constants (Ksv) obtained from the linear region of the Stern-Volmer 
plot of F0/F vs. [AQS2-] are 2.07  107, 2.35 107, 3.25  107, 3.57  107, 3.89  107, and 
6.20  107 respectively, for the trimer to the heptamer and the polymer. Such a high Ksv 
value was due to the static quenching by formation of the ground state complexes through 
charge pairing.16 Different from previous studies, where only Ksv between a small 
oligomer and a polymer was compared, the current study indeed provided more detailed 
evidence to indicate that there was a gradual increase in Ksv with the increased chain 
length of donor molecules.4,17 This result suggests that the ability of an oligomer/polymer 
to harvest light and deliver excitons to the acceptors improves as the backbone chain 
length increases. Higher Ksv values for larger size molecules reflect more efficient intra 
and inter-chain electron transfer mechanisms with the increased chain length. This 
 87
phenomenon could be explained in terms of the “molecular wire effect”, where a single 
quencher can effectively quench many repeat units for the large size molecules.18 At high 
concentration of quencher, the curves changed their trend from linear to exponential. The 
local high concentration of quencher led to dynamic quenching of fluorophore caused by 








Figure 3.7: Ksv plots of the oligomers and the polymer quenched by AQS2- in 25 mM 
phosphate buffer. [fluorene unit] = 2  10-6 M. 
 
3.3.4. Fluorescence Resonance Energy Transfer (FRET) 
 
FRET experiments between the oligomers/ polymer (donor) and a low energy acceptor 
were also performed. Fl was chosen as the acceptor because there was a spectral overlap 
between the absorption of Fl and the emission of the oligomers/polymer. Fl was attached 
to a dsDNA to ensure the electrostatic interaction that could bring the donor molecules 
and Fl into close proximity for energy transfer. The dsDNA was obtained through 
hybridization of a Fl-labeled ssDNA (5´-Fl-ATC TTG ACT ATG TGG GTG CT-3´) with 
its complementary strand (5´-AGC ACC CAC ATA GTC AAG AT-3´). A comparison of 
the Fl emission intensity by excitation of the donors at their absorption maxima is shown 




































in Figure 3.8. The donor emission tail in the Fl emission region (500-700 nm) was 









Figure 3.8: Fluorescence intensity of the donor sensitized dsDNA-Fl emission with 
varying oligomer/polymer concentrations based on fluorene units in PBS buffer. 
[dsDNA] =1  10-8 M.  
 
there was an increase in Fl emission upon addition of all the donors to dsDNA-Fl 
([dsDNA-Fl] = 1×10-8 M) when [fluorene unit] was in the range of 0 to 4×10-7 M. This 
observed increase in Fl emission was due to the increased number of fluorene units that 
were associated with dsDNA-Fl, and were within a valid FRET distance. The Fl emission 
intensity almost saturated at [fluorene unit] = 4×10-7 M, which corresponded to a charge 
ratio (positive charges of donors to the negative charges of dsDNA) close to 1. Within the 
tested donor concentration range, the most intense donor sensitized Fl emission was 
observed for the hexamer, and the lowest was observed for the polymer. The data in 
Figure 3.8 demonstrate that the intensity of donor-sensitized Fl signals follows the 
following trend: hexamer > pentamer > heptamer > tetramer  trimer > polymer. Using 
the spectral data (shown in Figure 3.6b), and the donor quantum yields in buffer (shown 
in Table 1), the Förster distance (R0)19 was calculated to be 42.8 Å, 43.8 Å, 44.5 Å, 44.8 























Å , 43.9 Å  and 37.4 Å  for the trimer to heptamer and the polymer, respectively, 
assuming an orientation factor (2) of 2/3. The R0 for the polymer/fluorescein is similar 
to the previous report, where 37.2 Å was reported for a polyfluorene 
derivative/fluorescein pair.20 According to Figure 3.6b, the overlap between the emission 
of the trimer and the absorption of fluorescein is obviously smaller than that for the 
others, the high quantum yield of the trimer in buffer compensates for the small spectral 
overlap, which leads to a  R0 value that is only slightly smaller than other oligomers. It is 
interesting to note that the hexamer sensitized Fl emission was almost twice higher than 
that from the trimer, despite a lower quantum yield for the hexamer. Since the number of 
fluorene units was kept constant in all the experiments, the difference in donor sensitized 








Figure 3.9: Emission spectra from solutions containing the hexamer/ssDNA-Fl (blue-
dotted line), hexamer/dsDNA-Fl (green-dashed line), polymer/ssDNA-Fl (black-solid 
line), polymer/dsDNA-Fl (red-dashed line) in 25 mM phosphate buffer. Excitation 
wavelength was 386 and 411 nm for the hexamer and polymer respectively. [ssDNA-Fl] 
or [dsDNA-Fl] = 1.0 × 10-8 M, [fluorene unit] = 3 × 10-7 M.  The emission spectra are 
normalized with respect to the residual emission of each donor. 
 
size oligomers and Fl. Further increase in the molecular size from the hexamer to the 
polymer did not contribute to the spectral overlap as the emission maximum reached the 





















limit for the hexamer in buffer. In addition to the higher donor sensitized Fl emission, the 
hexamer also provided a higher selectivity for dsDNA-Fl/ssDNA-Fl as compared to that 
for the polymer. The results are shown in the Figure 3.9. 
















Figure 3.10: Effect of ionic strength (a), pH (b), concentration of hexamer (c) and 
dilution of fluorescein dye (d) on FRET in solution. [ss or dsDNA-Fl]=110-8 M in PBS 
buffer. 
 
In order to achieve optimized conditions for DNA-assay, a comparative study was 
accomplished to probe the effect of experimental conditions on FRET. The electrostatic 
























































































interaction between charged donor and acceptor should be efficient for efficient FRET. 
Hexamer was chosen as donor here due to its highest potential in FRET among the oligo 
and polyfluorenes studied in this work. The stabilizing effect of salt by shifting the 
protolytic equilibria towards more dianionic species21 and predominant electrostatic 
complexation was reflected in the high FRET for the range of ionic strength of 15-45 mM 
(Figure 3.10a). At an ionic strength higher than that, the electrostatic interaction between 
donor and acceptor was hindered by major charge screening effect by buffer ions. The 
shift in thermodynamic protolytic equilibria of Fl was unable to compensate this negative 
effect on FRET at high ionic strength. A steep increase in fluorescence intensity of 
fluorescein was observed upon excitation of hexameric donor in the pH range of 6 to 8 
(Figure 3.10b) which continued to further increase at pH above 8. The charged state and 
extinction coefficient of fluorescein (Fl) was highly sensitive to pH as it happened to be 
in different charged state (cationic, neutral, anionic and dianionic) depending on pH. The 
most intense fluorescence with a high quantum yield (0.93) is exhibited by the dianion 
which exists at pH higher than 6.43. As compared to that, lower quantum yield is 
exhibited by cationic (0.18), neutral (0.30) and monoanionic (0.37) forms of Fl which 
exist at lower pH (Figure 3.11). Thus the gradual increase in FRET with pH in Figure 
3.10b was in close agreement with spectral features of fluorescein observed in literature 




Figure 3.11: Effect of pH on ionic state of fluorescein. 
 
pK3 =6.43 pK2 =4.31 pK1=2.08
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The concentration of donor in assay solution was found to cause perturbation in 
FRET efficiency (Figure 3.10c). Higher concentration of donor in solution enhanced the 
FRET. It was interesting to note that for equivalent number of moles of donor added in 
solution, higher FRET was observed when moles of donor added per shot was higher 
(inset, Figure 3.10c). Same amount of donor added by higher number of shots was found 
to be less efficient. This could be attributed to different mode and extent of complexation 
induced aggregation and dilution of the assay solution (as higher volume of low 
concentration donor needs to be added to get equivalent mol of high concentration donor 
solution introduced). The signal of the same amount of Fl was able to fluoresce more 
brightly when the dye (Fl) labeled DNA was diluted with unlabeled DNA. This dye 
dilution effect could diminish the tendency of self-quenching of Fl6 while close 
contacting of adjacent Fl molecules and forming complex with cationic hexamer. 
Keeping the concentration of ss or dsDNA-Fl constant (110-8 M), the total concentration 
of DNA was varied in the range from 110-8 M to 9.910-8 M. The amplified signal from 
110-8 M of Fl with increasing concentration of added label-free DNA was consistent 
with the above postulation. More than 3 times amplified fluorescence of Fl was achieved 
upon 10 times dilution of DNA-Fl with ssDNA by lowering the local trafficking of Fl.  
3.4. Conclusions 
 
In summary, an efficient approach to synthesize water-soluble oligofluorenes up to the 
heptamer is presented. Both the absorption and emission maxima of the oligomers red-
shifted with increased chain length, and the emission maximum reached the limit for the 
hexamer. The fluorescence quantum yields of the oligomers decreased with increased 
molecular size and were higher in water as compared to those in buffer. Fluorescence 
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quenching experiments demonstrated higher quenching rates with increased chain length, 
while the FRET experiments showed that the hexamer was the best donor for sensitized 
fluorescein emission. Comparison of the optical properties and sensing behaviors 
between the oligomers and the polymer revealed the importance of molecular size in 
biosensing applications. As compared to the oligomers, fluorescence quenching of the 
polymer was more efficient, which is due to the “molecular wire effect” where a single 
quencher could effectively quench many repeat units for large size molecules. For 
bioapplications which take advantage of fluorescence quenching of conjugated 
molecules, polymers would provide more efficient platforms as compared to oligomers. 
On the other hand, less efficient signal amplification was demonstrated for the polymer, 
which was due to the low quantum yield of the polymer in buffer. Comparison between 
the polymer and the hexamer also showed higher selectivity between ssDNA and dsDNA 
achieved using hexameric donor. Designing new optical platforms will require balancing 
of the properties of size, spectral overlap and the quantum yield. Small molecules tend to 
have higher quantum yields and are less sensitive to solvent media (i.e. ionic strength), 
but they generally show less spectral overlap as compared to their larger counterparts.  
Large size oligomers have the advantage of high purity, high quantum yields, less 
aggregation and have shown similar spectral overlap to acceptors as compared to 
polymers. Moreover, the study of the effect of ionic strength, pH, concentration of donor 
and dilution of Fl dye appears to be of profound significance in understanding the role of 
these factors in amplifying the FRET signal from most efficient energy donor (hexamer) 
to DNA-Fl. The optimization of the DNA assay is thus made possible by fine-tuning of 
the above mentioned conditions. Finally, it could be concluded that the oligomeric 
 94
approach could serve as a new strategy to provide more efficient donors for conjugated 
molecule based bioassay applications.  
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Layer-by-Layer Self-Assembled Film of Conjugated 





Incorporation of biomaterials into an artificially created architecture in a mild, yet 
adaptable and simple approach is a great challenge. The immobilization of biomolecules 
on solid surface has been accomplished in different ways, like Langmuir-Blodgett (LB) 
and self-assembled monolayer (SAM). Although they render wide range of functionality 
to the surface for attaching biomolecules, the whole process is neither simple nor 
versatile. The platform for solid state optical detection of nucleotides mainly covers 
microarrays1 (gene chips) or nanoparticle based assays.2 Although they have been 
appreciated for high throughput screening, they rely on covalent3 or ligand-receptor4 
based surface functionalization of capture probe. In such cases, tedious and time 
consuming blocking of unutilized functional groups and stringent washing is required to 
avoid non-specific interactions and achieve high selectivity. The adoption of electrostatic 
LBL self-assembly is realized to be simple, but effective for incorporation of -
conjugated molecule,5 dye/DNA complex6 and probe/target DNA duplex7 in film. The 
simplification of probe/target immobilization was felt to be crucial in modified 
heterogeneous assay. The key step of solid state DNA assay is the capture of the target 
DNA upon hybridization with probe on the surface. Although in-situ hybridization has 
been well-practiced, the success of this technique depended on surface-immobilized 
probe density, steric effect, favorable probe orientation and conformational freedom of 
both capture and approaching target DNA.8  
Besides this, optical detection of DNA used fluorophore tagged probes which 
suffered from poor quantum yield, resulting in weak detection signal.3c,7b,9 The 
fluorescence intensity of the acceptor dye can be efficiently magnified, relative to direct 
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excitation when an energy donor molecule with suitable spectral overlap is used in 
conjunction with it. Reaching to this stage, LBL self-assembly of -conjugated donor 
molecule and prehybridized PNA (peptide nucleic acid)-Fl/DNA duplex was realized to 
be the most effective design. Fluorescent reporter labeled PNA probe has been utilized 
along with conjugated water soluble polymer to detect DNA in solid state circumventing 
the need to label the target (described in chapter 2 in detail).9 The conjugated oligomer 
with proper conjugation length was realized to intensify the fluorescence of reporter more 
than conjugated polymer by efficiently transferring excitation energy (FRET). Cationic 
oligofluorene with six repeat units (6F) has been demonstrated in the previous chapter 
(chapter 3) as the best candidate for FRET to Fl for its good water solubility, high 
quantum yield and better spectral overlap with Fl.  
In this chapter, a novel solid state DNA assay technique based on electrostatically 
layer-by-layer self-assembled film of 6F and anionic ex-situ hybridized fluorescein(Fl) 
labeled PNA/DNA duplex (PNA-Fl/DNA) (Scheme 4.1) is reported. Dipping conditions 
were optimized to achieve higher adsorption of 6F and efficient FRET. Film properties 
were investigated for both single and multilayers of 6F to gain an understanding and 
control over the inner structure. By delivering excitation to Fl, 6F amplified the detection 
signal with high sensitivity. In addition to that, the hybridization of probe and target DNA 
prior to electrostatic capture on the surface simplified the assay significantly and 



















Scheme 4.1: Schematic representation of the LBL self-assembled film architecture 
consisting of energy donor 6F layer followed by a complementary or noncomplementary 




Poly (ethyleneimine), PEI (Mw= 60,000), poly (diallyldimethyl ammonium chloride), 
PDAD (Mw= 100,000-200,000) and sodium poly (styrene sulfonate), PSS (Mw=70,000) 
were purchased from Sigma Aldrich and Alfa Aesar respectively. Fluorescein-labeled 
PNA probe (PNA-Fl) (FAM-00-TCC ACG GCA TCT CA-Lys-Lys) and DNA sequence 
complementary (comp): 5’-TGA GAT GCC GTG GA-3’, two base mismatch (2bm): 5’-
TGA GTA GCC GTG GA-3’and non-complementary: 5’-GAA GGC TCA GGA GA-3’ 
to PNA probe were purchased from Panagene and Sigma-Genosys respectively. Cationic 
conjugated 9, 9, 9´, 9´, 9´´, 9´´, 9´´´, 9´´´, 9´´´´, 9´´´´, 9´´´´´, 9´´´´´-Dodecakis (6´´-(N, N, 
N-trimethylammonium)hexyl)-2, 2´-7´, 2´´-7´´, 2´´´-7´´´, 2´´´´-7´´´´, 2´´´´´-hexafluorenyl 
dodecabromide, 6F (Mw=3653) was synthesized as reported in chapter 3.10 Mili-Q water 
was used for slide treatment, rinsing and preparation of polyelectrolyte solutions. 
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4.3. Measurements 
4.3.1. Atomic Force Microscopy (AFM) 
 
The morphology of self-assembled multilayered film was investigated by atomic force 
microscopy (AFM) using Nanoscope IIIA, scanning probe microscope system in tapping 
mode. Silicon wafer was used as substrate to construct the film. The thickness of the film 
was measured using n+ silicon cantilevers (Nanosensor) with force constant of 10-130 N 
m-1. The resonance frequency of the cantilever was in the range 204-497 kHz. The 
scanning range was 2m × 2m (most of the cases). 
4.3.2. Ellipsometry 
 
Film thickness was measured using Stokes Ellipsometer LSE (Gaertner Skokie, IL, USA) 
at a wavelength range of 500-1000 nm and a fixed angle of 65-75C. The thickness was 
accurately measured by fitting in the “Cauchy” model. Bare silicon wafer was used as 
reference. 
4.3.3. UV-Vis and Fluorescence 
 
Absorbance was measured by Shimadzu, UV-1700, UV-Vis spectrophotometer, and 
photoluminescence (PL) was measured by Perkin Elmer, LS55 luminescence 
spectrometer. Glass was used as a substrate for preparing the film. 
4.4. Experimental section 
4.4.1. Slide treatment 
 
The substrates (3cm × 1.2 cm) for the electrostatic LBL self-assembly, were treated with 
piranha (H2SO4: H2O2=7:3) solution (Caution! Piranha solution is highly corrosive and 
extreme care should be taken while handling) for 1 h at 80C, followed by RCA solution 
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(H2O: H2O2: NH3= 5:1:1) treatment for 1 h. After each step of treatment, the slides were 
rinsed thrice with DI water and dried under stream of nitrogen.  
4.4.2. LBL self-assembly 
 
The bilayer of PEI (2×10-2 M, pH 8) and PSS (2×10-2 M, pH 5.5) was deposited to create 
priming layer on the pretreated glass slides/silicon wafer by dipping in the solutions for 
20min each. After each dip, the slides were rinsed thrice (40 sec for each rinse) and dried 
under nitrogen. The slides were dipped into an aqueous solution of 6F (1×10-4M in miliQ 
water) for 1 min, washed and dried. The multilayered film of 6F was constructed using 
PDAD/PSS as spacer layer in between fluorescent bilayers (6F/PSS). PDAD (2×10-2 M, 
pH 5.5) and PSS (2×10-2 M, pH 8) layers were formed by dipping in each solution for 3 
min. For the DNA assay, the self-assembled film was dipped into a solution containing 
complementary or noncomplementary PNA-FL/DNA duplex at a concentration of 1×10-7 
M in 10mM phosphate buffer (pH 7.6) for 1 min. To study the effect of added NaOH or 
pH on the adsorption of 6F and the morphological properties of the films, the 
concentration of NaOH in 6F solution was varied from 0 to 3.3 mM. 
4.4.3. DNA assay 
A schematic representation of the energy transfer based fluorescent DNA assay is shown 
in scheme 4.1. Here a peptide nucleic acid sequence labeled with dye fluorescein (Fl), 
PNA-Fl has been used as probe to detect DNA. In PNA, the negatively charged sugar-
phosphate backbone of DNA is replaced by a neutral peptomimetic backbone, while 
keeping the nucleotide bases unchanged. Thus PNA can form duplex with DNA upon 
hybridization. When the target DNA sequence was complementary to PNA-Fl, they 
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formed duplex and the negative charge of DNA helped to bind the PNA-Fl/DNA duplex 
to cationic 6F surface. The Fl emission (λexc =480 nm, λem =533 nm) was optically 
amplified by excitation of 6F layer (λexc=380 nm) due to FRET. On the other hand, the 
non-complementary target DNA did not form duplex with the PNA-Fl. The neutral PNA 
probe did not get adsorbed over cationic 6F. Thus the FRET was ceased. 
4.5. Results and Discussions 
4.5.1. Optical properties of the film 
4.5.1.1. Optimization of conditions for LBL self-assembly 
 
Multilayered film of 6F was prepared starting with PEI/PSS as priming layer for its 
strong anchoring capability.11 The LBL self-assembly conditions, like, ionic strength and 
pH were optimized to achieve sufficient surface charge density and maximum adsorption 
of polyelectrolytes and high fluorescence of 6F (Figure 4.1). All the polyelectrolyte 
solutions were salt-free to avoid the charge screening effect induced by ionic strength.12 It 
is crucial to tune the pH of the dipping solution of polyelectrolyte while dealing with a 
combination of strong and weak polyelectrolyte. PEI, a weak polyelectrolyte (pKa =10.8), 
is practically neutral at pH>10.5 and roughly 70% of its amine groups are charged at pH 
around 3. But at such a low pH, charge density of silica becomes very low (point of zero 
charge (pzc) of silica  pH 2)13. So an optimum pH is required for the film growth so that 
both silica surface and PEI might possess sufficient charge density. On the other hand, 
PSS is a strongly dissociated anionic polyelectrolyte (pKa=1). It was observed that PEI at 
low pH (4) and PSS at high pH ( 9) did not help to grow the LBL film although the 
polyelectrolytes were in highly ionized form at their corresponding pHs (case a).On the 
contrary, self-assembly from solution of PEI at high pH(8.5) and PSS at moderate 
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pH(5.5) resulted in a growth of 6F (case c). At less ionized state, PEI exhibits less 
lateral electrostatic repulsion due to its hydrophobicity and promotes formation of denser 
layer than highly charged state.14 In the coil conformation (owing to pH induced low 










Figure 4.1: Optimization of pH of polyelectrolytes in dipping solution. The pH values 
used for PEI, PSS and 6F are presented in the inset table.(Scheme: PEI/PSS/6F) 
 
isotherm)15 to overcompensate surface charge. Subsequent adsorption of PSS at a 
moderate pH (5.5) leads to the charging up of PEI and enhanced adsorption of PSS over 
highly charged cationic surface. Thus “enhanced polyelectrolyte adsorption” can be 
achieved by following a pH cycle.16 The significant improvement in fluorescence 
intensity of 6F refers that priming layer under these conditions supports the construction 
of the film. The fluorescence intensity of the film was further improved by increasing the 
pH of 6F solution ( pH 7.5, case d) by adding NaOH. This base induced enhancement of 
fluorescence is discussed later (section 4.5.1.3). The dipping time had been chosen 
following the previous study on adsorption kinetics17 of polyelectrolytes.  
From the AFM image (Fig.4.2), it was observed that PEI/PSS bilayer film 
(Fig.4.2b) had a surface with a sample height difference of 1.2 nm over 1 m of 










          pH used
PEI PSS 6F 
a 4 9 5.5 
b 4 5.5 5.5 
c 8.5 5.5 5.5 










horizontal distance while a predominantly flat conformation was seen for PEI alone(Fig. 
4.2a).18 This observation was consistent with the findings by others working with 












Figure 4.2: AFM images of (a) PEI and (b) PEI/PSS priming layers. 
 











Figure 4.3: Effect of the nature of spacer bilayer on the fluorescence of multilayered 6F 
film. The inset shows the effect of spacer layer on absorbance of 6F in film. 
 
The spacer layer plays a crucial role in prompting a regular growth of multiple layers of 
polyelectrolytes. A suitable spacer bilayer does not only offer sufficient charge density to 
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build up multilayered architecture, but also minimize the self-quenching of adjacent 
fluorescent layers by creating a barrier between them.5g The LBL self-assembly was 
conducted to obtain a film containing one to four fluorescent layers by using PSS (-) as 
the oppositely charged polyelectrolyte to 6F (+) and PEI/PSS or PDAD/PSS as the spacer 
bilayer (Figure 4.3). The figure suggests that PEI promotes greater deposition of 6F as 
compared to PDAD as reflected in the absorbance spectra. When PEI/PSS was used as 
spacer, the increase in maximum absorbance was twice higher than that when PDAD/PSS 
spacer bilayer was used. This is in complete agreement with the previous literature 
dealing with dye multilayer film using PEI and PDAD as polycation.20 As compared to 
PDAD, PEI appears to promote complexation and aggregation of polyions adsorbed over 
it. Although the reason behind these phenomena is not yet completely resolved, the 
difference in charge density, chain flexibility of the polycations (like branched PEI) and 
its influence on dye loading and orientation during deposition were taken into account as 
possible factors for enhanced adsorption and higher aggregation.20a Inspite of lower 
loading of 6F as can be seen from absorbance spectra, PDAD/PSS spaced multilayered 
film offers higher fluorescence over PEI/PSS spaced one. The strong lateral electrostatic 
interaction of PDAD chains as compared to PEI plays a key role in their deposition and 
growth of film.20a Subsequently, the distribution of charges on the surface available for 
approaching 6F molecules is also influenced. Thus the higher and denser loading of 6F 
contributed to aggregation induced self-quenching of 6F in film containing PEI which 
limited its application as spacer layer.  
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4.5.1.3. Effect of base on adsorption of 6F 
The absorbance and fluorescence of 6F at different pH (adjusted using NaOH) in solution 









Figure 4.4: Absorbance (left) and fluorescence spectra (right) of 6F solution in the 
presence of 0-3.33 mM of NaOH. 
 
The optical properties of 6F were found to be independent of pH in solution. The light 
scattering study of 6F in solution yielded an effective diameter of 365 5 nm irrespective 
of the concentration of NaOH in it. This revealed that there was no significant difference 
in aggregate size of 6F with and without base; while it was interesting to observe that the 
adsorption of fluorescent oligofluorene in film was dependent on the presence and 
concentration of NaOH in the dipping solution of 6F (Figure 4.1(case d), 4.5). The NaOH 
dependent absorbance (Figure 4.5c, inset) and fluorescence (Figure 4.5d, inset) of one 
layer of 6F are shown. It was observed that the absorbance of 6F in film increased 
significantly (more than 3 times) when the concentration of NaOH was increased from 0 
to 0.15 mM. This increasing trend continued until the concentration was close to 1mM. 




















































Afterwards, the absorbance started to decrease. The fluorescence of 6F layer also 


























Figure 4.5: Absorbance (a, c) and fluorescence spectra (b, d) of film having four layers 
of 6F in the presence of 0(a, b) and 1mM(c, d) NaOH in 6F solution. Scheme: ((PEI/ 
PSS/ 6F/ (PSS/PDAD/PSS/6F) 3). Absorbance (inset of c) and fluorescence (inset of d) of 
1 layer of 6F are also shown as a function of [NaOH] in 6F solution (PEI/PSS/6F). 
 
The fact, that NaOH induces enhanced deposition of 6F, was also reflected in the 
absorbance and fluorescence of 6F multilayers as a distinct improvement was observed in 
the presence of base (Figure 4.5). The optical properties of multilayers are shown at the 
optimum concentration of NaOH (1mM) for which the film 6F exhibited highest 


























































































































fluorescent bilayers (6F/PSS). The comparison of figure 4.5a with 4.5c revealed that the 
base significantly (4 fold) enhanced the absorbance of four layered 6F film than that built 
up without NaOH in dipping solution. This distinct enhancement of absorbance was 
reflected on the fluorescence of the film. The fluorescence of four layers of 6F film was 
about 2.5 times higher in the presence of 1mM NaOH (figure 4.5d) than in the absence of 
NaOH (Figure 4.5b) in dipping solution of 6F. As the optical properties of 6F was 
affected in solid state and not in solution by NaOH, it could be concluded that, the NaOH 
induced differential adsorption was not originated from the inherent properties of 6F, but 
from base enhanced adsorption of 6F in solid state as shown in figure 4.5c, inset. The 
uniform growth of multilayered fluorescent oligomeric film and bright fluorescence 
under this condition proved the potential of this novel architecture to be used for 
fluorescence based biosensors.  
4.5.1.4. Enhanced adsorption of 6F: Proposed mechanism 
 
The possible phenomena of enhanced adsorption of 6F by base could be explained by the 
hydroxyl ion dependent surface charge density of the underlying layers as shown in 
scheme 4.2. According to literature, during the self-assembly, the adsorption of cationic 
PEI was restricted by the kinetic barrier encountered by the polyelectrolyte during its 
motion towards the negatively charged adsorbing surface (glass).21 This transport barrier 
took account of the partial coverage of the surface. Thus after a certain extent of 
adsorption of PEI, the electrostatic repulsion offered by the adsorbed PEI molecules 
impeded more macromolecules from approaching towards the surface. At that stage of 






















Scheme 4.2: Schematic representation of possible mechanism behind base induced 
enhancement of 6F adsorption. 
 
In the next step, PSS would be adsorbed only on the positively charged PEI 
surfaces. So after the priming layer deposition cycle, there would be some silanol groups 
or SiO- ions on the surface which remained unutilized. When this film was dipped into 6F 
solution, the fluorescent molecules would be adsorbed both over PSS surface and 
unemployed SiO- surface. When the dipping solution contained NaOH, the hydroxyl ions 
increased the surface charge of silica13 (point of zero charge (pzc) of silica  pH 2) by 
deprotonating some of the free silanol groups to SiO-, making those sites ready for 6F 
adsorption.  
SiOH + NaOH → SiO- + H2O 
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Due to this enhanced ionization, higher adsorption capability of the surface could 
be seen when it came in contact with 6F. With this, the pH induced ionic state of Fl, 
which affected its molar absorptivity, might also be responsible for improvement in 
FRET.23 The absorbance increased with the increase in NaOH concentration in 6F 
solution suggested an interdigitated structure of multilayer of 6F along with the increase 
in overall average film thickness in the presence of base as compared to without base. It 
was worth noting that when the concentration of NaOH in 6F solution exceeded 1mM, 
the adsorption on the surface started to decrease. This could be attributed to the increased 
pH induced deprotonation of PEI. Thereby the reduced charge density led to desorption 
of PEI of the underneath layer and unbalanced charge distribution induced disruption of 
the constructed film. It was also probable that, the higher concentration of small ions in 
the dipping solution (like, Na+ ion) blocked the potential binding sites allotted for 6F by 
binding itself (Na+ ion).17, 24  Thus the adsorption of 6F was low.  
4.5.2. Morphological study of 6F film: 0mM vs 1mM NaOH 
 
The AFM images of one layer of 6F deposited with and without NaOH are presented in 
Figure 4.6. When the film was grown from an aqueous solution of 6F without NaOH, the 
film surface seemed to be rough consisting of bumps with a significant height (Figure 
4.6a, c). In the presence of NaOH, the film looked denser and smoother (Figure 4.6b, d). 
The bumps which were significant in the film grown in the absence of NaOH almost 
disappeared in the case of the film constructed from base containing solution. The height 






















Figure 4.6: AFM images of one layer of 6F (PEI/PSS/6F) deposited from solution 
containing 0 mM (a, c, e) and 1 mM NaOH (b, d, f) respectively; (a, b)- three-
dimensional; (c, d) - topographical images and (e, f)- roughness profile of the 
films(2m×2m, z scale is in between 0 to 10 nm). 
 
-assembled from 6F with NaOH in solution (Figure 4.6f). The film was smooth and 
uniform down to nanometer scale. The dense layer observed in AFM was consistent with 
the results obtained from UV-Vis  showing higher amount of 6F adsorbed in the presence 





X     0.5 m/div
Z    10.0 nm/div 
X     0.5 m/div




























Figure 4.7: AFM images of one, two and four layers of 6F deposited from 6F solution 
containing 1 mM NaOH; (a, b, c)- three-dimensional and (d, e, f)- topographical image; 
(g, h, i)- roughness profile of the corresponding films (scan size 2m×2m). Scheme: 
((PEI/ PSS/ 6F/ (PSS/PDAD/PSS/6F)n; n = 0, 1, 3). 
 
Figure 4.7 represents the morphological changes in the film from one layer to four 
layers of 6F obtained in the presence of 1mM NaOH. The first layer of 6F grown in the 
presence of base looked to be featureless. The distinct change in morphology with 
number of layers was rendered by PDAD/PSS as the topology matched quite well with 
the multilayers of PDAD/PSS.25 The roughness of the film was found to be 0.06, 3 and 7 
nm for 1, 2 and 4 layers of 6F respectively. AFM image was also investigated of 4 layers 
of 6F deposited on silicon wafer by finely scratching (Figure 4.8). A thickness value of 
0.5m 0.5m 0.5m 
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about 14 nm was obtained which is in good agreement with the thickness value obtained 











Figure 4.8: AFM images of four layers of 6F after fine scratching. (scan size: 
6m×6m); topographical view (left) and sectional analysis (top right) of 6F layer 
deposited from solution containing 1 mM NaOH.  
 
4.5.3. Ellipsometric study 
 
Figure 4.9 represents the ellipsometric thickness of four layers of 6F built up with and 
without the presence of NaOH in 6F solution. In the absence of NaOH, the contribution 
was mostly by PSS to increase thickness of film due to its hydrophobic backbone and 








Figure 4.9: Cumulative film thickness studied by ellipsometry as a function of number of 
fluorescent 6F layers in the presence (red,(●)) and absence of NaOH (black,(o)).  
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be approximately 2-3 nm which matched closely to that obtained by Jones et al.26 After 
the first layer of 6F, the spacer bilayers PDAD/PSS contributed to the thickness which 
was significantly lower (10  2 Å per bilayer of PDAD/PSS) than PEI/PSS causing the 
decrease in overall thickness of the film. These results further highlights that PDAD is 
more suitable polyion than PEI to form spacer layer for fluorescent film showing FRET. 
By tuning the thickness of the spacer bilayer, the distance between donor and acceptor 
layers can be reduced to promote FRET. The ellipsometric thickness of four layers of 6F 
deposited from base free solution was about 13 nm. That the thickness has a direct 
relationship with the mass adsorbed,27 was supported by the thick and dense layer of 6F 
in the presence of base as shown by the AFM image in Figure 4.6 and the thickness 
values obtained by ellipsometry in Figure 4.9. The average thickness of four layers of 6F 
was 14.6 nm for more absorbing film deposited from 1mM NaOH in 6F which was 
similar to that obtained from the AFM of 4 layers of 6F deposited on silicon wafer after 
fine scratching (≈14.2 nm) (Figure 4.8). 
4.5.4. Energy transfer study for DNA assay 
 
A layer of prehybridized complementary PNA-Fl/DNA duplex was built up over a film 
having one layer of 6F (PEI/PSS/6F). A comparison of Fl emission intensity upon 
excitation of 6F at 380 nm had been accomplished (Figure 4.10) using 6F solution with 
different concentration of NaOH. The concentration of NaOH in solution of 6F was 
varied from 0-3.3 mM. The increment of FRET with increasing concentration of NaOH 
followed the same trend as absorbance and fluorescence as shown in the inset of figure 













Figure 4.10: FRET response of film as a function of concentration of NaOH in 6F 
solution used for self-assembly. (Scheme: PEI/PSS/6F/compPNA-Fl/DNA) PL intensity 
of Fl was obtained after 6F emission tail subtraction. 
 
In the absence of base in 6F solution, the film could not exhibit any FRET; while 
efficient FRET from 6F to Fl amplified the signal of Fl to the maximum when 6F layer 
was deposited from a solution containing 1mM of NaOH. This condition was employed 
further as the optimum condition for FRET based DNA assay. Thus the base induced 
enhancement of adsorption of 6F had been proven to be effective for signal amplification 
of solid state fluorescence based bioassay. In addition to that, the pH induced charging up 
of Fl (discussed in chapter 2) by NaOH molecules on the film surface (along with 6F) can 
influence the FRET.  
FRET was studied using 6F-Fl as a donor-acceptor pair as shown in figure 4.11 
where Fl-labeled PNA probes were hybridized to DNAs having sequences 
complementary (comp), two base mismatch (2bm) or noncomplementary (nc) to it in 
solution. Upon adsorption of prehybridized comp PNA-Fl/DNA duplex over 6F layer and 
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excitation of the film at 380 nm, the green emission of Fl peaked at 532 nm was 













Figure 4.11: FRET from one layer of 6F to complementary (case a, d), two-base 
mismatch (case b) and noncomplementary PNA-Fl/DNA(case c) complex in the presence 
of 1mM of NaOH in the dipping 6F solution upon excitation at 380(case a, b, c) and 480 
nm(case d). (Scheme: PEI/PSS/6F/comp or 2bm or nc PNA-Fl/DNA). The inset shows 
the fluorescence intensities of Fl calculated after subtracting corresponding emission tails 
of 6F at 532 nm.  
 
While Fl in PNA-Fl/DNA duplex showed very weak fluorescence upon direct 
excitation (exc= 480 nm) of the film (Figure 4.11, case-d), 6F was able to amplify its 
optical signal by 183 folds through FRET if the sequence of DNA was complementary to 
PNA probe. On the other hand, DNA with 2bm (Figure 4.11, case-b) or completely 
nc(Figure 4.11, case-c) sequence was unable to form duplex with PNA-Fl leading to 
negligible adsorption of uncharged PNA-Fl on the surface. Thus the emission peak of Fl 
(at 532 nm) was very weak accompanied by a strong emission peak of donor when the 
film was excited at 380 nm, representing inefficient FRET. This indicated excellent 
selectivity of this DNA sensor. By showing 16 times selective emission for the Fl tagged 
comp PNA/DNA duplex than noncomplementary ones, 6F was able to differentiate 








































between them quite proficiently revealing outstanding sensitivity and specificity of 6F 









Figure 4.12: Photographs of one layer of 6F (a); 6F/comp PNA-Fl/DNA film (b) upon 
excitation with UV lamp; microscopic image of 6F/comp PNA-Fl/DNA film (c) and 
6F/nc PNA-Fl/DNA film (d). 
 
Bright blue fluorescence from one layer of 6F (PEI/PSS/6F; Figure 4.12a) and 
green fluorescence from (PEI/PSS/6F/compPNA-Fl/DNA) (Figure 4.12b) in 
photographic image confirmed the successful adsorption and efficient FRET from 6F to 
Fl. When target DNA sequence was complementary to PNA probe (Figure 4.12c), the 
microscopic image showed a significant color contrast with the case where the target 
DNA is noncomplementary (Figure 4.12d) to PNA probe. This revealed that the 
nonspecific interaction between hydrophobic bases of PNA-Fl and hydrophobic 
backbone of 6F had been significantly low. The technique devised was quite simple and 
did not require complicated and time consuming slide functionalization and activation 
step (required for microarray). Moreover, it replaced the two step on-surface 
hybridization (first probe immobilization, then hybridization with target on surface) with 
a single step immobilization of prehybridized probe/target duplex. 
b c da 
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The signal amplification study was also performed from one to three layers of 6F 












Figure 4.13: FRET from different number of layers of 6F to comp PNA-Fl/DNA. 
Scheme: ((PEI/PSS/6F/(PSS/PDAD/PSS/6F)0-2/(comp PNA-Fl/DNA)).  
 
 
From figure 4.13, it was observed that the enhancement of FRET was distinct for 
the film containing one and two donor 6F layer. The signal of Fl was significantly 
amplified (more than 700 fold) when the number of donor layer was increased from one 
to two for a single acceptor (PNA-Fl/DNA) layer at the top; while in case of film having 
three donor layers, this increment was significantly declined. The surface coverage 
determined by the change in fluorescence of the dipping solution of PNA-Fl/DNA was 
quite moderate (51012 molecules /cm2). It had been observed that the amount of PNA-
Fl/DNA adsorbed remained almost the same in each of the cases. Therefore ruling out the 
effect of amount of acceptor adsorbed, indicated that the energy transfer showed distance 
dependent behavior in film. The spacer thickness or distance induced drop of energy 
transfer in film had been reported earlier.28 The result was further clarified by thickness 
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measurement of the film. From the ellipsometry, the distance between Fl (at the top of the 
film) and the very first 6F layer (from bottom) had been found to be about 0, 20, 50Å for 
film containing 1, 2 and 3 layers of 6F.  The critical Förster distance (R0) for 6F/ Fl pair 
in solution had been reported in chapter 3 to be 44.8Å.9 These two results supported the 
descending energy transfer efficiency from the films having three or more donor layers. 
However, this result was significantly better than others reports on distance dependent 
FRET29 which had been achieved by choosing right donor-acceptor pair and spacer 
bilayers and tuning the spacer thickness. 










Figure 4.14: FRET response upon change in target DNA concentration. 
 
The detection limit of the newly developed DNA sensor was also investigated by 
measuring the optical amplification provided by 6F to different concentration of Fl 
labeled PNA/DNA duplex as illustrated in Figure 4.14. The figure shows that from 10-9 
molar concentration of target DNA, the fluorescence intensity of Fl was significantly 
amplified over the baseline ([comp(PNA-Fl/DNA)]=0 M). Therefore, the detection limit 




















of DNA by this technique was achieved to be 1nM which demonstrated the suitability of 
this solid state DNA sequence sensor. 
4.6. Conclusions 
 
In summary, a simple, readily applicable and convenient fluorescent multilayered 
substrate for sequence specific DNA detection was successfully developed. The 
adsorption of polyelectrolytes, film morphology and most importantly, FRET were 
efficiently controlled and improved by choosing suitable spacer bilayer and fine tuning of 
the solution pH. An efficient platform towards electrostatic solid state sensor was 
established based on conjugated molecules possessing precise number of fluorene repeat 
units along the backbone and maximum conjugation length. Base (NaOH) induced 
enhanced adsorption of oligofluorene (6F) in film was demonstrated. Probe 
immobilization, the key step of genosensing, was efficiently replaced by direct deposition 
of pre-hybridized probe-target duplex. The newly developed sensor had a considerably 
higher detection limit (1 nM) with discrimination capability of upto two base mismatches 
and lower nonspecific interaction. The design strategy developed here kept the promise 
of simple, sensitive and selective DNA detection. This could serve as a powerful platform 
to extend and utilize this method for vast range of analyte detection with high specificity 
and signal amplification using conjugated oligofluorenes. 
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Click Chemistry Assisted Highly Sensitive and Selective 
Fluorometric Protein Assay using Layer-by-Layer Self-




Fluorescence based protein recognition on surface has two major shortcomings so far 
detected: (1) nonspecific interaction1 and (2) very low optical signal of chromophore2  
originating from low quantum yield. The similar charges of many proteins and similar 
extent of cross reactivity to many polyelectrolytes 3 restrict the application of electrostatic 
interaction based assay formats for protein recognition. Moreover, charge screening 
induced film disruption1g or protein leaching4 due to changes in pH or ionic strength are 
also encountered in electrostatically self-assembled film. Covalent binding is preferred 
for strong and stable attachment of biomolecules. Cu catalyzed azide-alkyne 
cycloaddition (CuAAC) shows promising features making them attractive for covalent 
ligation of biomolecules on the surface with high density.5, 6, 7, 8, 9 The acting principle, 
also named as “click chemistry”, is not significantly affected by solvents and steric and 
electronic properties of functional groups attached to azides and alkynes. Most 
importantly, it can be accomplished in many organic solvents and even in water and the 
use of Cu (II) catalyst enables to perform the reaction at room temperature with high 
yield avoiding by-products.10  
 Avidin is widely accepted as a model protein for studying the basis of biological 
detection. Radioligand binding, 11 enzyme assays1b,12 and fluorimetric methods1e,13 are the 
available techniques for the detection and quantification of avidin. However the potential 
health risk (radiolabeling) and the need for expensive and non-commercial reagents with 
limited lifetime and lengthy procedure (heterogeneous enzyme assay) limits the 
application of the first two protocols inspite of high sensitivity. Fluorimetric protein 
assays are an indispensable part of biorecognition and biotechnology due to their 
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convenience. Avidin-biotin binding is monitored by 4-hydroxyazobenzene-2’-carboxylic 
acid (HABA)14 based assays or by chromophore labeled biotin or avidin or streptavidin.15 
The fluorescence upon adsorption of chromophore labeled entity reports the event of 
binding. Avidin is immobilized on film surface very efficiently via biotin having click 
functionality (i.e. azide or alkyne)9 which has been utilized to form triazole with click 
moiety present in the molecular layer present underneath. Till now the optical 
biorecognition on click active surface has mostly utilized commercial fluorophores1a, 8 
and relied on its fluorescence to report proteins. Many of the used markers appeared to be 
weakly fluorescent by nature which barred the way to lower down the protein detection 
limit. 
 Conjugated polyelectrolytes have received attention for their capability to 
improve the sensitivity and selectivity of biosensors16 in both homogeneous17 and 
heterogeneous18 format. The water solubility and charged nature make them suitable for 
electrostatic self-assembly. The application of conjugated oligoelectrolyte (COE) having 
high quantum yield still needs to be explored in heterogeneous protein assay format. The 
strategy has to encompass the specificity of protein immobilization with high stability as 
well as high amplification of optical signal originated from FRET from water soluble 
COE. 
 In this chapter, a new class of signal amplifying highly specific protein sensing 
platform is presented by combination of covalent and electrostatic interaction. Alkyne 
modified poly (acrylic acid) (PAA-alk), deposited over PEI coated substrate, formed 
triazole with diazide derivative of hexane (Hex-az). The excess azide groups were thus 
available for second click reaction with alkyne modified biotin (biotin-alk). While avidin 
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was attached to the surface through ligand-receptor interaction with triazole linked biotin, 
6F was electrostatically attached over positively charged avidin (pI 10.5) at pH 7.4 using 
PSS as oppositely charged polyelectrolyte. By transferring excitation to Fl labeled avidin, 
multiple layers of 6F were able to exhibit increasing FRET as a function of the number of 
fluorescent donor layers. To confirm specific attachment of avidin, the assay was also 
performed in the same way eliminating the biotin-alk layer. In addition to that, the 
nonspecific interaction was checked using other proteins having isoelectric point closer to 
Avidin, like lysozyme (Lys; pI 11), trypsin (Tryp, pI 10.5) and cytochrome C (CytC, pI 
10).  
5.2. Materials  
 
Poly (ethyleneimine), PEI (Mw= 60,000) and sodium poly (styrene sulfonate), PSS 
(Mw=70,000) were purchased from Sigma Aldrich and Alfa Aesar respectively. 
Fluorescein labeled Avidin (Av-Fl) was purchased from Sigma-Aldrich. Biotin with 
alkyne functionality (biotin-alk) was purchased from invitrogen. Lys, Tryp and CytC 
was labeled with FITC following literature to afford Lys-FITC, Tryp-FITC and CytC-
FITC.19 Cationic conjugated 9, 9, 9´, 9´, 9´´, 9´´, 9´´´, 9´´´, 9´´´´, 9´´´´, 9´´´´´, 9´´´´´-
Dodecakis-(6´´-(N, N, N-trimethylammonium) hexyl)-2, 2´-7´, 2´´-7´´, 2´´´-7´´´, 2´´´´-
7´´´´, 2´´´´´-hexafluorenyl dodecabromide, 6F (MW=3653.22) have been synthesized as 
depicted in chapter 3.20 Mili-Q water was used for slide treatment, rinsing and preparation 







5.3.1. UV-Vis and Fluorescence 
 
Absorbance was measured by Shimadzu, UV-1700, UV-Vis spectrophotometer, and 
photoluminescence (PL) was measured by Perkin Elmer, LS55 luminescence 
spectrometer. Glass was used as a substrate for preparing the film. 
5.3.2. XPS (X-ray Photoelectron Spectroscopy) 
 
Surface compositions were measured using XPS on an AXIS HSi spectrometer (Kratos 
Analytical Ltd.) with an AlK X-ray source (1486.6 ev photons) at a constant dwell time 
of 100ms and a pass energy of 40 ev. The anode voltage was 15 kV and the anode current 
was 10 mA. The pressure in the analysis chamber was maintained at 7 10-6 Pa or lower 
during each measurement.  The substrates were mounted on the standard sample studs by 
means of double sided adhesive tape. The core-level signal was obtained at a 
photoelectron takeoff angle of 90° (with respect to the sample surface). All binding 
energies (BEs) were referenced to the C 1s hydrocarbon peak at 284.7 ev. In the peak 
synthesis, the line width (full-width at half-maximum) of the Gaussian peaks was 
maintained constant for all components in a particular spectrum. Surface elemental 
components were determined from peak area ratios corrected with the experimentally 
determined sensitivity factors and were reliable to 5%.  
5.3.3. Fluorescence Microscope 
 
 The fluorescence images were captured using Nikon Ti-U microscope in 20 times 
objective mode. The excitation was offered to the sample at 380 nm and emission was 
 128
collected at 530 nm using Filter B (Em: 515 long pass). The exposure time was fixed at 
2.048 s for all the samples. 
5.4. Synthesis of polymers 
 
Alkyne-functionalized Poly (acrylic acid) (PAA-alk). Poly (acrylic acid) (0.5 g, 6.944 
mmol), propargyl alcohol (0.29 g, 5.21 mmol), 4-dimethyl amino pyridine (DMAP) 
(0.285 g, 2.34 mmol), N, N-dicyclohexylcarbodiimide (DCC) (2.145 g, 10.4 mmol) were 
dissolved in DCM (20.8mL) and stirred for 12 h. After the reaction, the solution was 
filtered, concentrated and then dialyzed for three days and freeze-dried to get yellowish 
polymer PAA-Alk (0.4 g, 52%). 1H NMR (300 MHz, DMF-d7) δ: 1-1.9 (-CH2-, 
polymer); 2.04-2.58 (CH, polymer); 2.7-2.83 (-C≡C-, triple bond); 4.47-4.84 (-O-CH2-). 
1, 6-Diazidohexane (Hex-az). 1, 6-Dibromohexane (0.3 g, 1.23 mmol) was dissolved in 
DMF (20mL). Sodium Azide (0.48 g, 7.38 mmol) was added to it. The reaction was 
continued under stirring at room temperature for 40 h. The reaction mixture was extracted 
with water for 5 times, dried with anhydrous MgSO4. The solvent was evaporated to 
obtain Hex-az (0.165 g, 80%) as colorless liquid. 1H NMR (300 MHz, DMF-d7) δ: 1.32-
1.44 (m, 4H); 1.52-1.62(m, 4H); 3.28-3.38(t, J= 8.4 Hz; 4H).  
5.5. Experimental Section 
 
The glass substrate was treated with piranha and RCA solution subsequently as per 
discussed in chapter 4(section 4.4.1).   The substrate was dipped in PEI (2×10-2 M 
containing 0.5M NaCl).  CuSO4 (1.12510-2M in miliQ-water) and Na-ascorbate 
(2.2210-2M) solutions were prepared maintaining the pH at 3.5. A layer of PAA-alk was 
prepared by dipping the slide for 15min in a solution containing PAA-alk (3.810-3M, 
 129
900µL, pH 3.5), CuSO4 (300 µL) and Na-ascorbate (300 µL), washed thrice with water 
and dried. For the click reaction with azide group of Hex-az, the alkyne terminated slide 
was subsequently dipped in a mixed solution of Hex-az (110-3M, 1mL, pH 3.5), CuSO4 
(250 µL) and Na-ascorbate (250 µL) for 15min, washed and dried. To obtain a biotin-
functionalized film, the slide was incubated in Biotin-alk solution (210-5M in a 2:1 
mixture of water: DMF) for 3 h. After washing and drying, the slide was dipped in 
Avidin-Fl   solution with specified concentration in 10mM PBS (pH7.4) for 1.5 h. The 
washed and dried substrate was subsequently dipped into an aqueous solution of PSS 
(2×10-2 M, pH 5.5) for 15 min and 6F (1×10-4M in miliQ water) for 1 min. The procedure 
was repeated until desired number of donor layer (6F/PSS) is formed.  
5.6. Results and Discussions 









Scheme 5.1: Synthetic routes to PAA-alk and Hex-az: (a) Propargyl alcohol, DMAP, 























































Scheme 5.2: Schematic representation of triazole formation in the film to immobilize 
biotin on glass surface; blue-PEI; red-PAA-alk; violet-Hex-az; gray-biotin-alk. 
 
 
The alkyne and azide modified reagents to be used to form triazole on the surface were 
synthesized as shown in scheme 5.1. Alkyne modified polyacrylic acid (PAA-alk) was 
synthesized by partial esterification of poly (acrylic acid) with propargyl alcohol at room 
temperature. On the other hand, the bromide functionalities of 1, 6-dibromohexane was 
substituted with azides to yield Hex-az when reacted with sodium azide for 40 h at room 
temperature. Scheme 5.2 represents the sequential CuAAc reaction occurred on the 
surface.  
PAA-alk and PEI interact to each other in two ways-one is electrostatic (between 
COO- and NH3+) and the other is hydrogen bonding (between COOH and NH2) 
interaction. However, it is very important to limit the charge density on the surface to 
avoid non-specific adsorption of charged protein on surface. PEI/PAA film under similar 
conditions has been studied by Sukhishvili et al and interplay between electrostatic and 
hydrogen bonding has been explained.21 By tuning the pH of the solution, the degree of 
protonation of PEI and PAA-alk is regulated and the strength of secondary interactions 































10.8; (pKa)PAA=4.5 in film, 5.4 in solution22) were chosen to be 8 and 3.5 respectively 
which corresponded to their almost uncharged state. At such a high pH, weakly charged 
PEI adopted a loopy conformation23 on the surface. When PAA-alk at pH 3.5 came in 
contact with PEI surface, the charging up of PEI occured due to low pH and ionization of 
carboxylic acid groups of limited PAA-alk arriving first was promoted (by cation 
induced thermodynamically favored lowering of pKa). Apart from this small fraction, the 
PAA-alk chains arriving later happened to be less ionized as their ionization was not 
supported by contact with PEI. As a result, they adopted a more fluffy conformation and 
the protonated form of acid groups limited further electrostatic adsorption21,24 and 





















Scheme 5.3: Schematic representation of fluorescence based specific protein assay in 
click film using conjugated oligoelectrolyte (COE). 
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Hex-az, in the presence of CuSO4 and Na-ascorbate, reacted with those alkynes 
via click chemistry and formed a triazole product having unreacted azides dangling on 
the surface. Biotin tethered to alkyne with a moderately long alkyl chain underwent 
second click reaction with free azides to yield biotin terminated surface  
5.6.2. Characterization of click film 
 
The CuAAc reaction and immobilization of biotin on the surface is confirmed by XPS 













Figure 5.1: XPS spectra (C1s)- narrow scan of film after depositing PAA-alk layer. 
 
The C1s peaks of PEI/PAA-alk bilayer film (Figure 5.1a) was fitted and 
deconvoluted into the following tentative assignments: 284.7 ev (-CH2- and -CC-), 
285.3 ev (-CH-); 285.5 ev (-C-NR2- of PEI; R=C or H); 288.7 ev (-COOH); 288.3 ev (-
CO-CH2) and 286.4 ev (-CO-CH2). The presence of carboxylic ester peak (-CO-CH2) 
confirms the esterification of poly (acrylic acid) with propargyl alcohol and 
immobilization of acetylene groups on the surface. 
c




































Figure 5.2: Narrow scan N1s spectra of the film after CuAAC reaction with Hex-Az (a) 
and biotin-alk (b); S2p peak of biotin immobilized surface (inset of b). 
 
Figure 5.2a represents the film after first click reaction (with Hex-az). The 
presence of peaks at 398.7 and 400 ev corresponds to (-N-N=N-) and (-N=N-) with 1: 
2 area ratio is consistent with structure of triazole formed during click reaction25a and 
demonstrates that the terminal acetylene groups on PAA-alk are reactive to azides in 
Hex-az. In addition, two peaks located at 400.2 (N-=N+=N-) and 403 (N-=N+=N-) ev 
(area ratio  2: 1) indicates the presence of unreacted free azide groups on the surface 
available for further click reaction with biotin-alk. The experimentally obtained ratio 
of the areas of the peaks, representative of -N-N=N-, -N=N-, N-=N+=N- and N-
=N+=N-, are 1: 1.9: 1.02: 2.06 which closely matches with their expected theoretical 
values (1: 2: 1: 2) assuming each Hex-az molecule will react with the surface 
acetylene groups using one of its two azide groups.  
The N1s peak of the film after cycloaddition of biotin-alk to unreacted azides 
in Hex-az on surface (Figure 5.2b) was estimated to be the combined contribution of 
the following peaks: 398.7 ev (-N-N=N-); 400 ev (-N=N-) and 399.7 ev (-CO-NH of 
402 400 398 396
S2p
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biotin). The evolution of amide carbon peak (399.7 ev) confirmed the presence of 
biotin on the surface.25b The disappearance of peak at 403 ev indicates the complete 
conversion of azide to triazole. The successful attachment of biotin on the surface via 
azide-alkyne cycloaddition was also confirmed by the S2p peak of characteristic S-C 
bonds (BE= 164.2 ev) (inset of Figure 5.2b).25c No available S2p peak before 
adsorption of biotin revealed that the sulfur peak was solely due to biotin. These 
results accounted well for the binding of biotin-alk to azide terminated surface. 
5.6.3. Fluorescence based protein assay using conjugated oligoelectrolyte (COE) 
multilayers 
 
The earlier studies showed that proteins has the ability to overcompensate the charge and 
grow multilayers electrostatically without any need of spacer layer of highly charged 
polyelectrolytes.26 Thus spacer free multilayered film can be exploited to enhance the 
signal of Fl or FITC, appended to surface bound protein. 
Finally the protein assay was performed to specifically detect avidin. Scheme 5.3 shows 
the working mechanism of the sensor. Here Fl tagged avidin (Av-Fl) was used as a model 
protein to demonstrate the effectiveness of the assay. When the biotinylated substrate was 
dipped in Av-Fl solution, the high affinity towards biotin (ka  1015M-1)15a helped avidin 
to bind to the surface. This was confirmed from a weak fluorescence at 530 nm from the 
Fl when the film was excited at 480 nm. The attachment of avidin rendered a positively 
charged surface which electrostatically adsorbed single or multilayers PSS (-)/6F (+) over 
it. The high energy oligoelectrolyte 6F acted as an energy donor upon excitation at 380 
nm and a good spectral overlap with Fl eased the energy transfer from 6F to Fl. The 
amplification of the Fl signal which was dependent on the specific adsorption of charged 
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avidin to offer electrostatic interaction to 6F/PSS multilayers, acted as the key 
mechanism to differentiate avidin from non-specific protein.  
5.6.4. Energy transfer (FRET) study in film 









Figure 5.3: PL spectra of click film with single donor bilayer (PSS/6F) containing biotin 
(●); no biotin (o) upon immobilization of Av-Fl. 
Figure 5.4 demonstrates the site specific binding attained in the protein assay depicted 
above. Functional avidin is a tetrameric protein having four sites to bind to biotin. Each 
biotin molecule is stabilized in avidin’s biotin binding pocket by 9 direct hydrogen bonds 
and about 25 Van der Waals contacts (4Å).27 The covalently immobilized biotin layer 
formed via triazole linkage acted as a recognition surface specific for avidin and allowed 
the reduction of non-specific interaction commonly encountered in protein detection. In 
the absence of avidin recognition species (biotin), the surface was not expected to adsorb 
avidin. Thus the absence of driving force (surface charge) prohibited the electrostatic 
adsorption of PSS and subsequent 6F layer. The lower non-specific adsorption of protein 
was established by comparing the FRET from the film in the presence and absence of 
recognition layer (biotin-alk). The significant reduction of energy transfer and lower 
fluorescence peak of 6F (Figure 5.3) in the case of non-specifically adsorbed avidin 


















revealed that the majority of the electrostatic charges offered to PSS (-) prior to 
adsorption of 6F came from avidin (+) rather than from PEI (+) of the underneath layer. 
















Figure 5.4: Fluorescence spectra of film upon adsorption of multilayer of 6F/PSS over 
immobilized dye-tagged protein-(a) Av-Fl; (b) Lys-FITC. Fluorescence intensity of 
acceptor dye in Av-Fl, Tryp-FITC, CytC-FITC and Lys-FITC as a function of number 
of donor layers after subtracting the 6F emission tail (c). 
 
The fluorescence response of the self-assembled film containing Tryp, CytC amd Lys 
were compared with that containing Avidin as shown in figure 5.4. All of them had 
similar isoelectric point (10) and were positively charged at pH 7.6. Due to the strong 
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bio-affinity between avidin-and biotin, the film adsorbed avidin efficiently. On the other 
hand, the non-specific protein, Tryp, CytC and Lys were not significantly adsorbed as 
they did not have affinity towards biotin. The fluorescence of dyes (Fl or FITC) attached 
to proteins were enhanced by multilayers of brightly fluorescent cationic oligofluorene 
6F. The spectral overlap between donor 6F and Fl (appended to avidin, Av-Fl) facilitated 
efficient fluorescence resonance energy transfer from 6F to Fl leading to very high signal 
amplification when excited at 380 nm as compared to direct excitation of Av-Fl at 480 
nm in the absence of 6F/PSS layers. Figure 5.4 shows that the specific recognition of 
avidin leads to more than 9 fold higher fluorescence of dyes as compared to Lys-FITC, 
















Figure 5.5: The emission intensity of acceptor dye Fl upon direct excitation (black, 
square) and excitation at 380 nm (red, circle) after adsorption of 6F/PSS multilayers. 
 
 
FRET from 6F to Av-Fl was observed to increase continually until fourth bilayer of 





















increased film thickness. The signal of Fl was amplified when the donor layer was 
excited at 380 nm as compared to that excited at 480 nm (Figure 5.5). More than 75 fold 
amplification was attained by using four oligoelectrolyte bilayers over Av-Fl layer.  
Fluorescence response of different proteins depends on different degree of 
multimodal interaction between polyelectrolytes and protein as well as the bio-affinity of 
protein towards the specific ligand terminated surface. The limited adsorption of non-
specific protein was attributed to electrostatic interaction originated from charged amino 
acid residues. The other possible modes of interactions were either hydrogen bonding 
between carbonyl groups on surface and side end-groups of polar protein amino acids or 
- interaction between triazole on surface and aromatic imidazole ring of histidine 
present in approaching protein or Schiff base formation.28 In addition to those, the 
difference in surface charge density was crucial in the difference in adsorption of 6F 
molecules.  
 
Table 5.1: Number of selected amino acid residues in proteins 
 
 
From table 5.1, one can find the presence of positive lysine and arginine residues on the 
surface of Tryp, CytC and Lys which contributes to electrostatic surface potential32 and 
is crucial for the self-assembly of COE over non-specifically adsorbed proteins. 
Name of amino 
acid residues 
No. of selected amino acid residues 
 Lysozyme29 CytC30 Trypsin31 
Lysine(Lys)(+) 6 14 16 
Arginine(arg)(+) 11 3 3 
Net charge @ 
pH7.6 







Figure 5.6: Microscope (a, b, c, d) image of film containing Avidin-Fl (a); Lysozyme-
FITC (b); Trypsin-FITC (c) and CytC-FITC (d).  
 
Figure 5.6a represents the fluorescence microscope image of Av-Fl/ (PSS/6F)4 
film. The bright green image confirmed the successful energy transfer from 6F to Av-Fl 
upon excitation at 380 nm. Whereas the nonspecific adsorption was visualized as very 
pale green or no fluorescence (Figure 5.6b, c, d). The highly specific sensing activity of 
the multilayered film was thus supported and validated.  









Figure 5.7: The fluorescence intensity of Av-Fl layer as a function of number of 
(6F/PSS) bilayers at different concentration of Avidin. 
 



















(a) (b) (d) (c) 
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The detection limit of avidin was obtained by measuring the FRET of fluorescent 
oligomer layers at the top of avidin-Fl layer which was deposited from solutions of 
different concentration (Figure 5.7). This study revealed the limit of detection of avidin 
by this sensory architecture to be 10nM. 
5.7. Conclusions 
 
A novel multilayered fluorescent architecture was smartly coupled with a protein 
immobilizing click platform. Alkyne modified poly (acrylic acid) (PAA-alk) and azide 
modified hexane (Hex-az) were synthesized. The anchoring of avidin to the click 
platform was supported by the triazole’s nitrogens and biotin’s sulfur peak in XPS 
spectra after double click reaction. The assay utilized the signal magnification capability 
of oligoelectrolyte for amplification of emission of reporter dyes appended to protein. 
The excitation of oligoelectrolyte multilayer adsorbed over charged protein surface at 380 
nm provided excitation to green light emitting Fl or FITC dye by transferring Förster 
resonance energy. The non specific interaction of proteins other than avidin and avidin in 
the absence of biotin layer corroborated the sensitivity and specificity of the assay.  The 
assay scheme supported the detection of model protein avidin upto 10nM. This 
architecture could be exploited in future for augmentation of the fluorescence of other 
signaling dye bound proteins having specific receptor affinity.  
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A Fluorescence “Turn-off” Assay for Selective Detection of 




Sensitive and selective detection of heavy metal ions is of significant importance due to 
environmental pollution. Cu+2 is the third in abundance (after Fe+2 and Zn+2) among the 
essential heavy metal ions in human body and plays an important role in various 
physiological processes in different organisms.1 The alterations of its cellular level are 
connected to serious neurodegenerative diseases, such as Menkes and Wilson diseases.2 
However, the adverse long term health hazard upon exposure to heavy metals needs to be 
dealt with proper care. Metal ion detection by fluorescence “turn-off” mechanism is quite 
popular for conjugated polyelectrolytes as they allow exciton transfer over a long 
distance along the chain and highly respond to the binding event of metal ion.3 The 
electrostatic interaction is demonstrated to be crucial to bring the receptor and target to 
close proximity and facilitate the binding. The metal-ligand chelation also comes to play 
in binding induced electron transfer.  
Anionic carboxylate or sulfonate containing conjugated polyelectrolytes have 
been reported for sensitive detection of metal ions like, Hg+2 and Cu+2 (refer to the 
introduction section),4, 5, 6, 7, 8 where the Ksv  values are not so high (referred to Chapter 
1).3, 5, 7 Apart from some non-fluorescent copolymers,9 the combination of carboxylate 
and sulfonate functionalities in fluorescent polymer is yet to be investigated.  By tuning 
the composition and ratio of these two functional groups, a -conjugated water soluble 
polymer can be afforded which can offer reasonable charge density as well as efficient 
metal chelation for dual-mode binding and trace detection of metal.   
In this chapter, the synthesis and optical performance of new polyfluorene 
derivatives with anionic side chains (scheme 6.1) have been reported. This was followed 
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by the study of the quenching response of these polymers against three metal cations-
Cu+2, Hg+2 and Ca+2. Depending upon the single or multiple anionic functionality 
(carboxylate,  sulfonate), the polyfluorene derivatives can be quenched by Cu+2, Hg+2 and 
Ca+2. In addition to this homogeneous assay, the study was also performed on a 
heterogeneous format with a brief investigation of the optical properties of the polymer 
showing best performance in solution as quencher. The Ksv values obtained for homo and 
copolymers were justified on the basis of ionic state, H-bonding and chelation nature.   
6.2. Experimental Section 
6.2.1. Synthesis of polymers 
 
Poly [9, 9'-bis (tert-butyl 3"-propanoate) fluorene-co-1, 4-phenylene] (P3). 
Monomers 1 (291 mg, 0.5 mmol) and 2 (165 mg, 0.5 mmol), K2CO3 (360 mg), Pd 
(PPh3)4 (10 mg), toluene (10 mL) and water (3 mL) were mixed in a 50 mL two-neck 
flask. After degassing, the mixture was heated at 90C with vigorous stirring for 48 
hours. After the mixture was cooled down to room temperature, it was poured into 
methanol. The precipitated solid was collected by filtration to yield P3 (210 mg, 84%) as 
a greenish solid. 1H NMR (300 MHz, CDCl3): δ 7.94-7.40 (m, 10H), 2.51 (s, 4H), 1.64 (s, 
4H), 1.31 (s, 18H). 13C NMR (75 MHz, CD3OD): 172.78, 149.20, 140.64, 140.18, 
127.60, 126.99, 126.68, 121.59, 120.41, 80.13, 53.88, 34.73, 30.12, 29.66, 28.00. 
 
Sodium poly [9, 9'-bis (3"-propanoate) fluorenene-co-phenylene] (P3). P3 (100 mg, 
0.215 mmol) was dissolved in dichloromethane (20 mL) in a 50 mL flask. After addition 
of trifluoroacetic acid (3 mL), the mixture was stirred overnight at room temperature. 
After removing the solvent, the yellow-greenish residue was treated with Na2CO3 
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aqueous solution (0.05 M, 20 mL) at room temperature for 4 hours. The polymer was 
purified through dialysis against distilled water for 3 days. The solution was freeze-dried 
to give P3 (~76 mg, 76%) as a greenish solid. 1H NMR (300 MHz, CD3OD): δ 7.88-7.31 
(m, 10H), 2.56 (s, 4H), 1.60 (s, 4H). 13C NMR (75 MHz, CD3OD): 177.30, 150.56, 
140.54, 127.48, 126.79, 126.32, 121.68, 120.20, 54.90, 36.84, 32.44.  
 
Poly (9, 9-bis(4’-sulfonatobutyl)fluorene-co-alt-1, 4-phenylene)sodium salt (P4). 2,7-
dibromo-9,9-bis(4-sulfonatobutyl)fluorene disodium, 3 (576.3 mg, 0.9 mmol), 1,4-
phenylenebisboronic acid, 4 (148.3 mg, 0.9 mmol) and Pd(OAc)2 (10 mg) were dissolved 
in a mixture of DMF (30 mL) and aqueous Na2CO3 solution (0.2 M, 40 mL). After 
degassing for 15 min, the reaction was vigorously stirred at 90°C overnight under the 
argon atmosphere. The reaction mixture was cooled down to room temperature and 
poured into acetone. The resulting precipitate was collected and dissolved in deionized 
water and was purified using a dialysis membrane with a cutoff molecular weight of 14 
000 Da. The obtained solution was freeze-dried in vacuum to obtain the polymer P4 (378 
mg, 68%). 1H NMR (300 MHz, DMSO-d6): δ 7.8-7.4 (m, 10H), 2.3 (br, 4H), 2.1 (br, 
4H), 1.4 (br, 4H), 0.6 (br, 4H). 13C NMR (75 MHz, DMSO-d6): δ 151.7, 139.7, 139.1, 
129.5, 127.6, 126.3, 120.9, 55.3, 51.5, 31.1, 25.4, 23.5. 
 
(P5).  3 (266 mg, 0.4 mmol) and 1, 4-phenylenebisboronic acid, 4 (83 mg, 0.5 mmol) and 
5 (48 mg, 0.1 mmol) were added into 150 mL two-neck flask. Then, Na2CO3 (166 mg), 
DMF (30 mL) and water (~40 mL) were added. After degassed, Pd(OAc)2 (10 mg) was 
added and the mixture was heated to ~90oC with vigorous stirring for 60 hours. After 
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cooling to almost room temperature, the mixture was poured into acetone. The crude 
product was collected by filtration and dissolved into DMSO/water. After filtrating to 
remove insoluble compound, the resulting polymer, P5 (182 mg, 75%) was purified by 
dialysis for 3 days using dialysis membrane (molecular weight cutoff: 6000-8000). 1H 
NMR (300 MHz, DMSO-d6): δ 7.8-7.31 (m, 10H), 2.56 (s, 0.4H), 2.3 (br, 3.6 H), 2.1 (br, 
3.6 H), 1.6 (s, 0.4 H), 1.4 (br, 3.6 H), 0.6 (br, 3.6 H). 13C NMR (75 MHz, DMSO-d6): δ 
177.30, 151.7, 150.56, 140.54, 139.7, 139.11, 129.5, 127.59, 127.47, 126.79, 126.32, 
126.3, 121.68, 120.9, 120.2, 55.3, 54.9, 51.5, 36.85, 32.43, 31.09, 25.4, 23.5. 
6.2.2. Bulk solution analysis: General methods 
 
The NMR, absorbance and fluorescence spectra of the polymers solutions were studied as 
discussed in chapter 2. The pH of the polymer solutions was adjusted using HCl and 
NaOH. The fluorescence quantum yield of the polymers were obtained using quinine 
sulfate (510-6 M in 0.1M H2SO4) as reference. The pH dependent particle size was 
investigated using “particle sizing software” at “90 plus” mode. The size of the particle 
was taken as an average of five consecutive readings. The dried polymer P3 powder was 
mixed with KBr to make test pellet specimens for FTIR analysis using a BIO-RAD FTS 
135 spectrophotometer. Fluorescence quenching was studied by adding metal ions at 
specified concentration to the aqueous solution of polymers. The interference of metal 
ions with the quenching ability of Cu+2  was performed by first adding Cu+2 ion (210-7 
M) to P5 solution (210-6 M) and then adding excess of other metal ion/ions to this 
quenched solution to observe any further change in fluorescence. 
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6.2.3. LBL self-assembly of P5 
6.2.3.1. Slide treatment 
Glass slide treatment was performed in the same way as described in chapter 4. 
6.2.3.2. LBL self-assembly 
 
PEI priming layer was deposited on the pretreated glass slide by dipping in the solutions 
(2×10-2 M, pH 8) for 20min. After each dip, the slide was rinsed thrice (40 sec for each 
rinse) and dried under nitrogen. The slide was dipped into an aqueous solution of P5 
(1×10-4M in miliQ water) for 1 min, washed and dried. The cycle was continued as many 
times as required under the same conditions except the dipping time of PEI as 5 min for 
the subsequent layers.  
6.2.4. Surface analysis 
 
The surface absorbance and fluorescence was measured following the same methods 
described in chapter 4 (section 4.3.3). 
6.2.5. Metal ion assay in solid state 
 
Multilayered film containing anionic fluorescent conjugated polymer and cationic 
polyelectrolyte (PEI) was dipped in the metal ion solution for 5 min, washed with miliQ 
water and dried under nitrogen.  
6.3. Results and Discussions 
 
Scheme 6.1 represents the synthetic strategy to afford the anionic conjugated polymers. 
Direct alkylation of 2, 7-dibromofluorene with tert-butyl acrylate in a mixture of 
toluene/aqueous KOH gave monomer 1 with 51% yield. Following Suzuki coupling  
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Scheme 6.1: Synthetic routes towards polymers P3, P4 and P5; (a) Pd(PPh3)4, 
toluene/K2CO3 aqueous solution, 90ºC, N2,48 h; (b) (i) CF3COOH/dichloromethane, 
room temperature, overnight; (ii) aq. Na2CO3 solution, room temperature, 4h; (c) 
Pd(OAc)2, DMF/Na2CO3 aqueous solution, 90ºC, N2, overnight; (d) Pd(OAc)2, 
DMF/Na2CO3 aqueous solution, 90ºC, N2, 60h. 
 
 
protocol, in the presence of aqueous solution of K2CO3 (2 M) and Pd catalyst, the 1 
equivalent mixture of  1  and 2 in toluene reacted to afford the tert-butyl propanoate 










































































provided the evidence of C(CH3)3 group. This reaction was followed by the hydrolysis of 
the carboxylic ester group in P3. First, P3  was dissolved in DCM and treated with 
CF3COOH at room temperature for overnight. After solvent removal, the residue was 
treated with Na2CO3 (0.05 M) for 4 h. Polymer P3 was thus obtained having sodium 
carboxylate at the end of side chain of fluorene units. The polymer was purified by 
dialysis (MW cutoff: 12,000-14,000 Da) against DI water for 3 days to remove the salt 
and low molecular weight fractions. Pure P3 was yielded as a greenish solid (76% yield). 
The complete disappearance of 1HNMR peak at 1.31 ppm confirmed the complete 
conversion of -COOC(CH3)3 into -COONa.  P3 was readily soluble in water and other 
polar solvents such as methanol and DMF. Polymer P4  was achieved following the same 
Suzuki coupling protocol as used for P3 by cross coupling of 1 equivalent of 
bromofluorene derivative with sodium sulfonate (at the end of butyl side chain), 3 and 1 
equivalent of phenylenebisboronic acid, 4. Dibromide derivative of sulfonate (3) and 
carboxylic acid (5) containing fluorene were cross coupled by the bisboronic acid 
derivatives of benzene, 4 to yield the random copolymer P5. The molar feed ratio of 3, 5 
and 4 was 4:1:5. The 1H NMR results (the ratio of (-CH2-) peaks at 2.56 and 2.3) 
suggested the ratio of carboxylated and sulfonated fluorene units to be 1: 9 in the chain of 
P5.   
6.3.1. Optical properties of the polymers  
 
Figure 6.1 demonstrates the absorbance and photoluminescence properties of the 


























Figure 6.1: Optical properties of polymers. Absorbance (left) and fluorescence (right) 
spectra of P3 (a, b), P4(c, d) and P5 (e, f). 
 
 







































































































































Quantum Yield (%) 
P3 P4 P5 
2 6.8 21.5 10.0 
3 7.0 51.0 37.9 
4 17.1 62.0 38.1 
5 36.6 61.8 37.0 
7 39.6 62.5 36.9 
10 59.4 59.3 35.7 
 
concentration of 210-6 M in mili-Q water based on repeat units. The pH was adjusted 
using HCl and NaOH in the range of 2 to 10.  
Table 6.1 summarizes the quantum yield of the polymers as a function of pH. P3 
showed high sensitivity to pH. At pH 2, carboxylated homopolymer P3 exhibited a very 
low absorbance, emission intensity and quantum yield. The absorbance of P3 (Figure 
6.1a) having maxima at 382 nm appeared to be a broad peak at pH 2 which was gradually 
blue shifted with the increase in pH (exc=377 nm at pH 10). The shift of emission peak 
was observed from 413 nm to 435nm when the pH was reduced from 10 to 2 with a 
narrow to broad feature (Figure 6.1b). The red shifted absorbance and emission maxima 
were routed from the aggregative nature and originated declining quantum yield with 
decreasing pH (Table 6.1).  
The pH dependent aggregation was further confirmed by light scattering studies 




Table 6.2: Effect of pH on aggregate size of P3¸ P4, P5 in solution 
 
 
pH Effective diameter (nm) 
P3 P4 P5 
3 2600 402 370-460 
6 526 390 446-469 
10 350 385 438-452 
 
The studies were performed at three representative pHs, such as 3, 6 and 10. The 
alteration of aggregate sizes of P3 followed the same trend as in case of optical features. 
The aggregation is confirmed by the distinctly increased aggregate size upon gradually 
lowering the pH.  
The study of PLQY as a function of pH showed sharp transitions in the case of P3 
((i) pH 35; (ii) pH 710; Table 6.1). The pH dependent optical property of P3 was 
closely associated with the gradual dissociation of two carboxylic acids present in a 
monomeric unit with the increase in pH. The evidence of protonated state of carboxylic 
acids in P3 would be shown in a later section (Figure 6.4). The protonation of carboxyl 
groups reduced the charge density of the polymer and induced higher degree of 
aggregation. With the increase in pH, the deprotonation of carboxyl groups was reflected 
on the significantly blue shifted fluorescence and enhanced PLQY. The absorbance peak 
(exc 381 nm) at a pH (~5) close to working condition (5.5) used here was positioned in 
between pH 2 (exc 385 nm) and 10(exc 378 nm) indicating an electronic state in between 
these two extreme pHs in solution.  
The emission maxima of P4 (em 416 nm, Figure 6.1d) was significantly blue 
shifted from P3 (em 434 nm, figure 6.1b) at pH 5. The quantum yield of P4 (61.77%, 
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table 6.1) was also significantly higher than P3 (36.6%) at this condition. The 
aggregation induced red shift was not severe in P4. The sulfonate groups were less prone 
to protonation unless the pH was too low which was reflected in the PLQY of P4 as 
shown in table 6.1. The almost constant diameter of aggregate irrespective of pH was in 
close agreement with less aggregative nature of P4 (table 6.2). 
The optical properties of copolymer P5 (Figure 6.1e, f) were insensitive to 
changes in pH. At pH 5, P5 exhibited an emission maximum (423 nm) which was in 
between that of P3 and P4. P5 presented a range of particle size instead of a single 
aggregate size on an average pointing towards the interplay between protonated and 
deprotonated state of carboxylates present in the polymer chain. The presence of both 
ionized and unionized forms of carboxylic acid (-COOH) as well as non-aggregating, 
charged sulfonate (-SO3Na) group in P5 caused the system to show complex optical 
behavior. 
6.3.2. Sensing of metal ions: quenching study 
 
The process of fluorescence quenching of P3, P4 and P5 was studied in the presence of 
three metal cations-Hg+2, Cu+2 and Ca+2 in water (Figure 6.2). Experiments were 
conducted at a polymer concentration of 2 10-6 M based on repeat units. The quenching 


















Figure 6.2: Quenching of fluorescence of polymers P3 (a), P4 (b) and P5 (c) as a 
function of different metal ion concentration in solution. 
 
 
In the metal ion concentration range of 0-6.710-8 M, the quenching response was 
linear indicating the occurrence of static quenching by interaction of fluorophore with 
quencher metal ions to form stable non-fluorescent complex. The Stern-Volmer 
quenching constant (Ksv) obtained from the linear region of the plots are presented in 
table 6.3. 
 











































P3 P4 P5 
CuCl2 1.07107 1.31107 6.86107 
Hg(OAc)2 0.84107 1.06107 2.37107 
CaCl2 1.13107 1.12107 1.96107 
 
The Ksv values obtained for carboxylated P3 against metal ions were higher than 
previous reports on quenching of carboxylated PPE (Ksv=6.4104 M-1, Hg+2)5 and 
polyfluorene (Ksv=7.5106 M-1, Cu+2)8c. Although a number of investigations successfully 
reported a carboxylate ligand–assisted selective binding of Cu+2 ions, the current 
investigation presented a quite different scenario, where carboxylate containing 
homopolymer P3 was unable to show any selectivity towards a metal ion among Hg+2, 
Cu+2 and Ca+2. In fact, the F0/F value was quite low for carboxylated polymer, P3 as 
compared to P5, irrespective of the presence of any metal ion. In the previous report,8c 
the amplification of the quenching process was executed as the electrostatic interaction 
between charged metal ion and anionic fluorescent polymer induced efficient aggregation 
and thus the electron transfer process was enhanced. The route to the less selective metal 












Figure 6.3:  FTIR spectra of P3.  
 
In the above figure, the band assignable to stretching vibration of C=O (ν(C=O)) 
peaked at 1706 cm-1 was very significant. While the asymmetric (νa(COO-)) and 
symmetric(νs(COO-)) stretching vibration of COO- peaks positioned at around 1577 and 
1409 cm-1 respectively were very small indicating highly protonated state of P3.10   
At pH 5, the carboxylates would yield a solution having both COOH and COO- 
groups due to weakly dissociative nature of carboxyl groups. Previous literature 
suggested that at low ionized state, the presence of both unionized carboxylic acid 
(COOH) and ionized carboxylates (COO-) would lead to intra or intermolecular hydrogen 
bonding.10,11 This was further confirmed by titrating P3  using NaOH in solution and 
checking the absorbance peak near 210 nm (corresponds to n* transition of –COOH). 
The absence of any clear isobestic point indicated that there were more than two 
electronic states present in the system. Thus the protonation induced hydrophobicity as 
well as H-bonding contributed to the higher degree of aggregation of P3 at low pH. This 
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internally pre-aggregated structure would reduce the interaction between P3 and charged 
metal ions.  As a result, the polymer possessed less metal ion complexation ability.12  
On the contrary, the titration of P5 yielded a clear isobestic point near 209 nm 
pointing towards the presence of only two electronic states, which were –COOH and –
COO-. The values of apparent binding constants (Ksv) for P5 were quite high as compared 
to P3 and P4. This reflected its more efficient intra and intermolecular electron transfer 
behavior and effective binding of metal ions to receptor. Copolymer P5 containing 90% 
side chain with sulfonate and 10% with carboxylate groups exhibited a good selectivity 
for Cu+2 over Hg+2 and Ca+2(Figure 6.2c). The quenching constant of P5 was the highest 
upon its chelation with Cu+2 (6.86107 M-1) and the value was more than 2 and 2.5 times 
higher than that of Hg+2 and Ca+2 respectively. P5 showed stable fluorescence with no 
fluorescence loss while being stored for 6 months. The limit of Cu+2 detection was 
estimated to be approximately 0.02 nM (Figure 6.4), where the fluorescence quenching 









Figure 6.4: Quenching of fluorescence of P5 as a function of concentration of Cu+2 in 
solution. 

























The selectivity of P5 to Cu+2 ion over other metal ions is supported by reports on 
specific ligand chelation of Cu+2 with specific geometry, differing from the other two 
metal ions studied in solution. The chelation capability of polymers containing carboxyl 
and sulfonic acid groups with Cu+2 ion was consistent with previous findings depicting 
the concerted effort of both carboxylate and sulfonate to create a three-dimensional 
crosslinked polymer-Cu (II) network. The proposed chelation mechanism differed from 
one report to the other. Geckler et al proposed that Cu (II) adopts a pseudo tetrahedral 
geometry with poly (styrene sulfonic acid-co-maleic acid) where Cu (II) ions are 
coordinated exclusively through one carboxylate group and one sulfonate, thus 
completing the coordination sphere with water molecule.9a In another effort, Li et al 
presented tetra nuclear Cu (II) cluster coordinated with four oxygen atoms, two of which 
were from carboxylates in SIPA-3, a sulfoisophthalic acid derivative. Four Cu(II) atom, 
each of which coordinating as mentioned, created a one–dimensional planar structure 
which was further three-dimensionally extended using the fifth coordinate of Cu(II). The 
sulfonate oxygen atom of SIPA-3 from another chain linked to each other to complete 





Figure 6.5: Coordination modes of carboxylates and sulfonate groups with Cu+2 
proposed by Xu et al. 14 
 
acid having both carboxyl and sulfonate groups on side chain were also proposed by 
another group as above (Figure 6.5).14 Thus an active role of the sulfonate group in the 
polymer-metal ion crosslinked network is postulated. Sulfonate ions in polymer P4 
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exerted electrostatic attraction towards metal ions predominantly. At pH 5.5, P4 existed 
in a fully ionized state. However, polymers containing sulfonate groups do not act as 
ligands.15 Thus, in spite of the possibility of high electrostatic interaction, the chelation 
effect was absent during interaction of  P4  with metal ions. But the high quenching of P5 
pointed towards the cooperative coordination of sulfonate and carboxylate with metal 
instead of sulfonate alone. 
6.3.3. Fluorescence response in the presence of interfering metal ions 
 




 (F2-F1)/F1b (%) 
Ni+2(chloride) 210-6 -5 
Co+2(chloride) 210-6 -6.3 
Zn+2(chloride) 210-6 +0.6 
Pb+2(nitrate) 210-6 -7.9 
Cd+2(sulfate) 210-6 +5 
Mn+2(sulfate) 210-6 +4 
K+(chloride) 210-6 +0.03 
Hg+2(acetate) 210-7 -1.9 
Ca+2(chloride) 210-6 +4 
Ni+2, Co+2, Zn+2, Pb+2, Cd+2, 
Mn+2, K+, Ca+2 
210-6 -9.1 
Ni+2, Co+2, Zn+2, Pb+2, Cd+2, 
Mn+2, K+, Ca+2, Hg+2 
210-6 c -10.05 
a Each sample solution contains a fixed concentration of Cu+2 (210-7M). 
b F1 and F2 are the fluorescence intensities of P5 in the presence of 210-7 M Cu+2 
without and with interfering ions, respectively. 
c Referring to each interfering ion concentration except for the Hg+2 concentration which 
is 210-7 M. 
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Fluorescence response of P5 in the presence of different metal ions (Ni+2, Co+2, Zn+2, 
Pb+2, Cd+2, Mn+2, K+, Ca+2, Hg+2) along with Cu+2 (chloride) was investigated (Table 6.4).  
The polymer concentration used was 210-6 M and [Cu+2] was fixed to 210-7 M. The 
addition of large excess (1000 fold) of contaminant metal ions did not exhibit significant 
interference with the Cu+2 ion sensing ((F2-F1)/F110%). Thus high selectivity was 
achieved towards Cu+2 ion using P5 as conjugated fluorescent reporter. 













Figure 6.6 represents the optical properties of the multilayered (PEI/P5)1-4 film. The 
uniform increment in absorbance was observed after first layer indicating similar extent 
of adsorption of fluorescent P5 per bilayer from second P5 layer. Even without inclusion 
of any spacer layer in between fluorescent bilayers, the film was observed to grow which 
was visualized as change in absorbance as well as fluorescence with layers. The change 
in optical properties of this film was further studied using metal cations as analyte having 
ability to quench the fluorescence of P5.  
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Figure 6.7: Changes in fluorescence spectra of film containing 2 layers of P5 upon 
dipping in 0-0.2 mM Cu+2 ion solution (a); Changes in fluorescence spectra of film 
containing 1-4 layers of P5 upon dipping in 0.2 mM Cu+2 ion solution (b). 
 
 
In Figure 6.7a, the quenching study was performed by dipping 2 bilayer film of 
P5 (scheme: (PEI/P5)2) in Cu+2 solution at different concentration. It has been monitored 
that with the increase in the concentration of Cu+2 ions in dipping solution, the extent of 
quenching was gradually enhanced. The F0/F value increased from 1.2 to 9.5 when the 
concentration of Cu+2 in the solution was increased from 510-8M to 210-4M revealing 
the highly efficient quenching nature of Cu+2. 
It has been well documented that the interlayer diffusion results in blended 
structure of polyelectrolytes which is considered as disadvantageous for many 
applications where stratified well-defined structures are required. This critical point has 
been used as an advantage to improve superquenching in LBL multilayered film of 
conjugated polyelectrolytes. Figure 6.7b represents effect of the number of PEI/P5 
bilayer on the sensitivity of Cu+2 ion detection. At a concentration of 210-4 M of Cu+2, 
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the two bilayer film underwent about 3 times intense quenching as compared to one 
bilayer. In addition to higher loading of P5 on top layer in (PEI/P5)2, the possible energy 
migration from underlying P5 to surface P5 should be accounted for.  Three and four 
bilayers of P5 exhibited F0/F value lower than two bilayers but higher than single bilayer 
film. This could be connected to the selective diffusion of Cu+2 ion through the film to 
quench more polymer chains in the underneath fluorescent layer and layer-normal-







Figure 6.8: Changes in fluorescence spectra of film containing 2 bilayers of P5 upon 
dipping in 210-4 M of Cu+2 (a); Hg+2 (b); 510-8 M of Cu+2(c); Hg+2 (d) solution. 
 
Like in solution, Cu+2 ion quenched P5 more than Hg+2 even in film. At high 
concentration (210-4M), Cu+2 ion showed 9 times higher quenching than Hg+2 (Figure 
6.8). The figure suggested that the selectivity between Cu+2 and Hg+2 in film could be 
achieved at [metal+2]  50 nM.  Ions having smaller size would preferentially diffuse 
through the film and amplify the signal thereby. Thus the high sorption rate of Cu+2 in 
film could be connected to the low ionic radius9b of Cu+2 (73 pm) as compared to Ca+2 
(100 pm) and Hg+2(102 pm).  











In summary, a class of fluorescent anionic polyfluorene derivatives having carboxylate 
and sulfonate groups at the side chain were synthesized which reported the presence of 
metal ions by fluorescence “turn-off” mechanism. The polymer-metal binding event 
occurred as a result of dual mode of interaction, like electrostatic attraction and metal-
ligand chelation. In addition to the study of the fluorescence properties of the homo and 
copolymers both in homogeneous and heterogeneous platform, the quenching study 
revealed an exceptionally high apparent binding constant (Ksv) for P5-Cu+2 receptor-
metal ion pair. The lowest limit of detection of Cu+2 in solution was 0.02 nM. The 
fluorescence decrement by metal ions other than Cu+2 was not significant which makes 
this strategy to be Cu+2 selective. The high selectivity for Cu+2 over Hg+2 was also 
demonstrated in multilayered film of copolymer P5 with PEI as alternate polyelectrolyte. 
The sensitive detection of Cu+2 in film took the advantage of efficient exciton migration 
from underneath layers to surface P5 and interlayer diffusion offered by PEI as cationic 
polyelectrolyte along with anionic P5. The F0/F value was highest for 2 bilayer of PEI/P5 
film at [Cu+2] of 210-4 M and the alteration of fluorescence was apparent until [Cu+2] of 
510-8 M indicating the feasibility of this assay for selective nanomolar metal detection. 
Thus the current work utilizes multimodal polymer-metal binding and strengthens the 
metal detection platform for sensitive and selective Cu+2 ion sensing. 
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A library of -conjugated water soluble oligo/polyfluorenes having cationic or anionic 
nature was created. These oligo/polymers were found to be not only effective in 
extracting new information about the optical behavior as a function of molecular 
structure, but also quite attractive due to their utility in chemobiosensor areas both in 
solution and solid state. 
Water soluble polyfluorene was end-capped with phenylethynyl anthracene 
(PEA) group to improve the intra and intermolecular energy transfer from fluorene to 
end-capping group. The two- step energy transfer process was demonstrated in PNA 
probe based DNA hybridization assay. Upon excitation of PEA end-capped polyfluorene 
at 380 nm, the fluorescence emission of Fl  was intensified by virtue of the electrostatic 
interaction induced close proximity between PNA-Fl/DNA duplex(-) and cationic 
polymer and FRET to Fl. The signal amplification was quite prominent with 10 fold 
selective emission in the case of complementary DNA as compared to the 
noncomplementary target DNA. At the same time, it showed 2.5 times higher selectivity 
in comparison to its homopolymeric version. 
The structure-property relationship was obtained upon synthesis of cationic 
oligofluorenes having 3 to 7 repeat units. The absorbance, fluorescence, PLQY was 
studied as a function of number of repeat units. The most important finding of this study 
was cationic conjugated oligofluorene with six repeat units (hexamer) which showed the 
best FRET performance for both ss and ds-DNA-Fl. The result was in close agreement 
with its good water solubility, high conjugation length and improved spectral overlap 
with Fl. At the same time, polymers were shown to perform as a better fluorescence 
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quencher than oligomers in solution due to “molecular wire effect”. This study played a 
key role in my entire work by showing the potential of oligo and polyfluorene in 
fluorescence “turn-on” and “turn-off” assays respectively. 
The hexameric oligofluorene, further denoted as 6F, was thus utilized in LBL 
self-assembly with a purpose to build up a solid-state format for bioassay based on 
fluorescence amplification via FRET. The optical and morphological properties of 
multilayered 6F film were explored. A heterogeneous DNA assay platform was 
developed using PNA probe which not only avoided the in-situ hybridization related 
complexities, but also generated a significantly high signal of Fl appended to PNA probe. 
The selectivity between complementary and non-complementary DNA was 16 for single 
layer of 6F. The sensor was able to recognize up to two base mismatch with more than 
7000 times amplification of signal of Fl (for 3 layers of 6F). The detection was performed 
upto 1 nM concentration of DNA using simple fluorometer.  
LBL self-assembly of 6F was also exploited in specific detection of protein. The 
ligand assisted immobilization of dye labeled protein avidin (Av-Fl) was performed 
where the ligand biotin was bound to the surface by its click active functionality.  Upon 
excitation of 6F, the energy was successfully transferred to Av-Fl which amplified the 
fluorescence of Fl up to 75 fold. The nonspecific-interaction was also shown minimal by 
following the same technique for other protein-dye conjugates (CytC-FITC, Lys-FITC, 
Tryp-FITC). It was found that the specific protein showed 9 times higher fluorescence 
of acceptor as compared to other proteins with a detection limit in nanomolar range. The 
non-specific interaction is significantly lower than other studies on proteins on click 
functionalized platform. 
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Later on, an investigation was carried out to explore the potential of anionic 
conjugated polyfluorenes having carboxylate and sulfonate groups at the side chain in 
detection of metal ions.  The study showed some interesting and excellent response 
towards metal ions. It was demonstrated that the random copolymer having 90% fluorene 
units with sulfonate and 10% with carboxylate groups (P5) was prone to selective 
quenching by Cu+2 ions as compared to Hg+2 and Ca+2  ions. The fluorescence of the 
polymer was not significantly quenched in the presence of excess of interfering ions. The 
route to this selective binding was also investigated in terms of nature of complexation. 
The study was also performed in multilayered film of the copolymer with the similar 
selectivity trend between Cu+2 and Hg+2.  
Based on the present research, it can be concluded that the conjugated 
oligo/polyfluorenes having good water solubility has been evolved as a novel class of 
fluorescent molecule. Their promising features can lead us to a new era of sensitive and 
selective fluorescence based chemobiosensors on heterogeneous format.  
7.2. Suggestions for Future Work 
 
As the current work is focused on both fluorescence “turn-on” and “turn-off” sensors for 
analytes, it is realized that the improvement should be done in both the design of the 
fluorescent polymer as well as assay conditions. 
Structural modification of end-capped fluorescent polyfluorene can be 
accomplished to enhance the fluorescence quantum yield. The attachment of polar and 
charged side chains with anthracene may lead to improved water solubility which will 
affect the PLQY eventually. In addition, the end-capped cationic oligomeric donor should 
be designed to improve water solubility as well as spectral overlap simultaneously. 
 171
On the process of continual improvement in FRET efficiency in solution, the 
effect of other factors, like surfactant and co-solvent should be investigated for the 
existing system. Using hexameric cationic oligofluorene as energy donor, the aggregation 
induced quenching of donor and self-quenching of acceptor dye Fl has to be taken care of 
during FRET.  
For fluorescence “turn-off” sensor, efforts should be given to synthesize anionic 
conjugated polyelectrolytes in order to improve the apparent quenching constant. With 
reference to the observed high quenching ability of random copolymer, the percentage of 
carboxylate and sulfonate groups along the side chain of -conjugated polyfluorene can 
be tuned to design tailored chelating agent with high selectivity between heavy metal 
ions. The study could be extended to other heavy metal ions. Extensive investigation has 
to be carried on to get insight into the effect of pH on the fluorescence quenching by 
metal ions. In addition to that, the information about the true polymer-metal coordination 
geometry should be extracted from the space filling models and diffuse reflectance 
spectra and FTIR. The study of the donor basicity and steric requirement of polychelate-
metal ion complexation might give better insight into a more efficient and selective metal 
ion sensing fluorescent polymer. This study could be very effective in developing 
polymer-metal complexes or nanocomposites having biocidal and antibacterial activity.1 
The metal detection study in film using conjugated polymer can be extended to a wide 
variety of polyelectrolytes offering high diffusion ability of metal ions. Moreover, the 
oligomeric version of the conjugated polymers can be used as transducer in film. It might 
be beneficial to use charged oligomers due to its higher tendency to be adsorbed on the 
substrate surface as compared to polymers and thereby enhanced surface available 
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charges can bring more quencher molecules close to the surface by coulombic attraction 
which is the primary step of quenching.2 
FRET efficiency of LBL self-assembled multilayered film can be improved 
through a series of comparative studies. By choosing a suitable polyelectrolyte pair as 
spacer bilayer and further optimizing the experimental conditions, the thickness of spacer 
layer needs to be reduced to ensure the energy transfer from multilayered donor 
architecture to acceptor. The design of the spacer layer should be such that it can generate 
a stratified architecture as interlayer diffusion and unfavorable donor-acceptor orientation 
significantly affects the energy transfer efficiency. Along with organic polyelectrolytes, 
inorganic anions should be considered as potent spacer layer candidate.3 Moreover, the 
loading of acceptor dye has to be increased so as to increase the FRET efficacy. At the 
same time, the self-quenching of dyes should be taken care of. Multistep energy transfer 
process can be utilized by using LBL self-assembly of multiple conjugated 
oligo/polyfluorene derivatives having spectral overlap. The sensitivity of the Fl labeled 
PNA probe based DNA assay can be enhanced by a self-assembly of a series of 
chromophore to catalyze the preferential energy transfer in CPE/COE layers having 
decreasing band-gap order.  
The immobilization strategy based on click chemistry can be utilized for label free 
detection of DNA in future. It can also be exploited to immobilize azide derivatized 
intercalating dye upon binding to which DNA causes enhancement of its emission. The 
length of the linker between azide and dye should be optimized to ensure the binding of 
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